Multi-criteria decision support for sustainable material choices with applications in the shipping sector. by Reiss, Stefanie
Multi-criteria Decision Support for
Sustainable Material Choices with
Applications in the Shipping Sector
Dissertation submitted for the degree of
Doctor of Engineering
University of Surrey
Stefanie Reiss
August 2016
Supervisors:
Ujjwal R Bharadwaj
Jhuma Sadhukhan
Marios K Chryssanthopoulos
Preface
Contents
Abstract . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . ii
Acknowledgements . . . . . . . . . . . . . . . . . . . . . . . . . . . iii
Statement of Originality . . . . . . . . . . . . . . . . . . . . . . . v
Executive Summary . . . . . . . . . . . . . . . . . . . . . . . . . . vi
Table of Contents . . . . . . . . . . . . . . . . . . . . . . . . . . . xx
Abbreviations, Terms & Symbols . . . . . . . . . . . . . . . . . . xxi
i
Preface ii
Abstract
The shipping industry represents a large sector with a wide range and significant
scale of impacts. This underlines the need for sustainable decision making, which
ensures the economic viability of operations in the long term, whilst reducing
environmental impacts and health and safety risks. The demand for integrated
tools that enable decision makers to integrate a holistic set of sustainability mea-
sures has already been pointed out in the literature, ideally considering the whole
life cycle.
In this Thesis, a multi-criteria decision support framework has been developed
to evaluate the implementation of different material options on a life cycle basis.
This comprises an evaluation of Life Cycle Costs (LCC), Environmental Impacts
(EI) and Risk Assessment (RA) alongside each other, explicitly accounting for
uncertainties in the inputs. Subsequently, all these aspects are integrated through
a Multi-Criteria Decision Analysis (MCDA) approach, allowing to account for
different perspectives and priorities of the decision maker.
The framework was used to evaluate High-Strength Low-Alloy steel (HSLA) and
advanced composites to replace conventional steel in ship structures. Results
show the potential of these materials, indicating significant financial and emission
savings over the life cycle, despite their higher initial costs. However, currently
uncertainties and consequently risks are present and the approach shows how to
account for these depending on the priorities of the decision maker.
It is demonstrated that the approach provides structured decision support for sus-
tainable material choices. The novelty lies in integrating different sustainability
aspects in one coherent framework, taking a life cycle perspective. By doing this
it is possible to integrate different types of data and explicitly account for different
stakeholder perspectives and decision maker priorities. Another key feature is the
clear visualisation of results, facilitating transparent communication to support
the decision making process. Whilst the contribution of the research presented
is demonstrated for the shipping sector, the potential of applying the framework
and the methodology in other industrial applications is highlighted.
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Executive Summary
Background
The range and scale of impacts of shipping operations are huge, prompting a
demand in the shipping sector for a holistic approach to make sustainable deci-
sions. Shipping accounts for approximately 80 % of global trade by volume and
over 70 % of global trade by value (UNCTAD 2015). At present, emissions from
shipping account for approximately 3 % of global Carbon Dioxide (CO2), 15 %
of global Mono-Nitrogen Oxides (NOX) and 13 % of global Sulfur Oxide (SOX)
from anthropogenic sources. By 2050, these emissions could grow by between
50 % and 250 %, depending on future economic growth and energy developments
(IMO 2015).
In view of the scale of impacts, there is need for sustainable decision making,
which ensures the economic viability of operations in the long term, whilst re-
ducing environmental impacts and health and safety risks. Within the typical
life cycle of a ship, the operational stage is predominant with regard to both
costs and environmental impacts, with fuel consumption being the single most
contributing factor. Therefore, one promising option is the implementation of
light-weight materials, which are expected to reduce the power requirements and,
hence, improve the fuel efficiency.
In order to make informed decisions about the selection of sustainable materials,
there is need for systematic decision support approaches and implementation
tools, considering economic, environmental and risk aspects alongside each other.
In the shipping sector, the demand for integrated tools has been pointed out,
to enable decision makers to integrate a holistic set of sustainability measures
(Mansouri et al. 2015), ideally considering the whole life cycle (Koch et al. 2013).
In view of the long life span of the ship, this involves making assumptions and
predictions into the far future, therefore, significant uncertainty is present in such
evaluation, which should be considered and understood.
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A review of the literature established that, even though previous studies pre-
sented life cycle evaluations for ships focussing on costs (Burman et al. 2006,
Hedlund-A˚stro¨m 2009, Lindqvist 2012), risks (Bharadwaj 2011, Soliman et al.
2015) or environmental aspects (Koch et al. 2013, Schmidt & Watson 2014, Bur-
man et al. 2015) separately, not much has been done towards integrating these
different aspects over the whole life cycle. Such assessment requires an approach
enabling inputs from a variety of stakeholders and a good understanding of the
uncertainties associated with the inputs.
To the best of the author’s knowledge, there is currently no framework attempt-
ing to address this gap. This can be partly explained by the fact that different
stakeholders have different interests during the ship’s life cycle and their respon-
sibilities are often not well aligned (Armstrong & Banks 2015). Moreover, data
availability and uncertainties in data provide a challenge that requires a thorough
and systematic approach. Consequently, the aim of the work presented in this
Thesis has been to develop methods and tools which facilitate systematic deci-
sion support for sustainable material selection in the shipping sector,
considering the whole life cycle.
Methodology
To address this gap, the multi-criteria decision support framework depicted in
Figure 1 has been developed to evaluate different material options on a life cy-
cle basis (Niekamp et al. 2015). Three fundamental objectives for sustainable
material selection were identified:
• Minimisation of life cycle costs,
• Minimisation of health and safety risk,
• Minimisation of environmental impacts.
Early identification of decision makers and stakeholders was identified as an im-
portant requirement for capturing the key aspects and priorities at the beginning
of the decision process and setting up the methodology for the data collection
and evaluation of life cycle aspects accordingly. Costing methods are currently
best understood and most important for industrial decision making, and the con-
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Figure 1: Generic framework
cept of life cycle approaches, in particular Life Cycle Costs (LCC), is becoming
more demanded. The interest in evaluating risks and environmental impacts on
a life cycle basis is growing too, but all of these methods are heavily dependent
on the availability of relevant data. Therefore, a relative evaluation was pro-
posed, comparing the key aspects of each alternative against a common known
baseline.
Sensitivity and uncertainty analyses were proposed to identify key contributing
variables in the models used and to obtain an understanding about the impact of
the uncertainties associated with the individual input factors on the final results.
All of the aforementioned aspects were integrated through an Multi-Criteria De-
cision Analysis (MCDA) approach.
The framework was applied to a case study, evaluating the implementation of
High-Strength Low-Alloy steel (HSLA) and advanced composite materials as sub-
stitutes to conventional marine steel in ship structures. These alternatives were
investigated because of their favourable properties such as mechanical strength,
corrosion resistance and comparative light-weightiness. The costs and benefits of
these were assessed systematically, by applying the proposed framework step by
step.
The first step was to establish the decision context and approach, which com-
prised of identification of stakeholders, decision objectives and alternatives. The
work described in this Thesis contributed to the European funded project Ma-
terials On-board: Steel Advancements and Integrated Composites (MOSAIC),
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which provided the context and industrial demand. The stakeholders included
shipyards, ship operators, material scientists, laboratories, and a classification
body. The alternatives were specific application cases for HSLA and composites,
which were each compared against the baseline conventional steel.
The second step was the data collection and evaluation. For the case study, this
involved first identifying relevant criteria and Key Performance Indicators (KPIs),
which was done through a stakeholder survey. Subsequently, data was collected
about these criteria, through interviews and questionnaires, complemented by
literature data.
The third step was the Life Cycle Cost and Performance Assessment (LCPA),
comprising of an evaluation of LCC, Environmental Impacts (EI) and Risk As-
sessment (RA), based on the data collected. The LCC model was set up based
on literature values of a comparable case study and targeted to the specific case
study through updating the original model with case study specific industry data
to create a LCC evaluation specific to the problem at stake. For the EI and
RA models, a scoring system was developed to translate expert judgement into
a so-called semi-quantitative evaluation. For each of the three models, the same
life cycle stages were considered, broadly categorised as initial (I), operation and
maintenance (O&M) and end of life (EoL) stage.
The fourth step was the sensitivity and uncertainty analysis, which comprised a
novel approach for evaluating the uncertainty of the highest contributing input
factors of the LCC model: Findings from other LCC studies were drawn together,
refining the input factors with high sensitivity, in order to make probabilistic
estimates about the most likely range of the LCC results. Uncertainty of EI and
RA were estimated through expert judgement.
The final step was the integration of all the aforementioned aspects through a
MCDA approach, as depicted in Figure 2, which involved aggregation and priori-
tisation of the different aspects in order to obtain an overall performance evalu-
ation. This approach supports the decision maker by being systematic, enabling
rational decision making and clear and transparent communication.
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Figure 2: MCDA approach (diagram adapted from Linkov & Seager 2011)
Results
The key results for the case study are summarised below.
Evaluation of life cycle costs The results for the LCC evaluation are shown
in Figure 3, relative to the baseline of the currently used conventional steel. Both
new material options showed higher initial costs; however, if 25 % of conventional
steel is replaced by the new materials in the ship structure, this leads to weight
savings, as both materials can provide the required structural integrity with less
material (based on mass). Accordingly, the total life cycle costs over 25 years
can be up to 4 % lower for HSLA and up to 8.5 % lower for composite materials
compared to a reference ship made entirely from conventional steel. End of life
costs and revenues are almost invisible in the diagram, because their contribu-
tion is so small, due to the fact that all values are provided as discounted cost
factors.
Evaluation of environmental impacts With regard to environmental issues,
HSLA showed similar environmental impacts to conventional steel. However, use
of less material should lead to emission savings, especially during the operational
stage. The same applied to composite materials, where the emission savings
during the operational stage were found to be even higher, because of a higher
degree of fuel savings due to the reduced weight of the ship structure. Even
though higher environmental impacts are expected in the initial and the end of
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Figure 3: Results of the LCC model
life stage, significant reductions in environmental impacts can be expected over
the whole life cycle.
Evaluation of health and safety risks Currently there is less confidence
about the long-term performance of the proposed material options, especially
with regard to crack propagation behaviour and corrosion issues (pitting corrosion
for HSLA and corrosion under joints and patches for composites). Moreover,
there are large uncertainties associated with the structural integrity of composite
materials in the event of a fire accident.
Sensitivity analysis The sensitivity analysis highlighted the key factors for the
evaluation, which are the baseline split of costs for the LCC model (in particular
the fuel costs, initial costs and maintenance costs). For EI, the trends for HSLA
were found to be similar to conventional steel, whilst for composites the analysis
was dominated by weight savings and associated emission savings. Health and
safety risks, on the other hand, were mostly dominated by aspects related to
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material performance, in particular crack propagation behaviour and corrosion
issues. Further research efforts are required to build confidence that this and
other types of risks that were identified are reduced to an acceptable level.
Uncertainty analysis For the LCC model, the highest contributing input fac-
tors were expressed through probabilistic distributions, which led to variations
in the LCC results of up to about 1.5 % for HSLA and up to about 3.5 % for
composites (based on a low and a high percentile value). Over the lifetime of the
ship, this can lead to significant differences in the total estimated savings.
Worst case (WC) and best case (BC) scenarios were set up for HSLA and compos-
ite materials in order to consider uncertainty in the EI and RA models. Results
highlighted substantial differences in the environmental scores Ei and the risk
scores Ri compared to the deterministic results, which represent mean values.
The comparison of each scenario with the baseline conventional steel is depicted
in Figure 4 and Figure 5, separately for the individual life cycle stages, namely
Initial (I), Operation and Maintenance (O&M) and End of Life (EoL) stage. For
environmental impacts, the results indicated a large potential of both new ma-
terial options to reduce environmental impacts, especially in the Operation and
Maintenance (O&M) stage. On the other hand, for risks the worst case scenar-
ios were more noticeable compared to the baseline of conventional steel. This
was particularly the case in the operational stage, due to the large uncertainties
associated with the long-term behaviour.
Overall evaluation The impact of uncertainties became evident when com-
paring the results of the deterministic total scores with the conservative scores
based on a risk-averse decision maker. Whilst the deterministic results indicated
a marginally better performance for the new material options, the conservative
results were clearly worse.
The final results heavily depended on the weighting factors that were applied
to prioritise between the importance of the three sustainability models, wC for
costs, wE for environmental impacts and wR for risks. In order to highlight
the influence of different weighting factors, these were expressed relative to each
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Initial O&M EoL
0
25
50
E
n
v
ir
o
n
m
e
n
t
a
l
s
c
o
r
e
Conventional steel
HSLA BC
HSLA WC
Composites BC
Composites WC
Figure 4: Best case (BC) and worst case (WC) scenarios for environmental
scores, relative to baseline (BL) conventional steel
other. Figure 6 and Figure 7 show the results for conservative estimates for the
total score T . The green areas indicate where a lower total score is achievable
compared to the baseline score of 100 for conventional steel, representing a better
overall performance. In contrast, the red areas indicate a higher score, which
reflects a worse performance.
Both alternative materials show potential with regard to reduction of both costs
and environmental impacts over the whole life cycle and are therefore recom-
mended for further investigation. However, currently, uncertainty and conse-
quently risks are present that can impact on both costs and benefits. The final
result therefore depends on the decision makers’ priorities and their attitude to-
wards risks. The proposed approach enables them to consider and understand
such trade-offs in a systematic way.
If LCC, EI and RA are considered alongside each other, as presented in Figure 6
and in Figure 7, two options are possible to achieve a lower score compared to
conventional steel: Either the aspect of health and safety risk needs to prioritised
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less comparable to the other factors by applying a lower weighting factor (which is
not likely in the industry), or the confidence in the long-term performance needs
to be improved in order to reduce the expected health and safety risks and thus
lower the score for this aspect to an acceptable level.
This research underlined the importance of taking a long-term perspective for
a holistic analysis. This may however not be immediately evident to decision
makers, who often tend to focus on short-term targets. It is also entirely reason-
able for different life cycle stages to have different dominant stakeholders. It was
observed that there is no ‘one-size-fits-all’ tool that is applicable to every kind of
industrial system. The proposed framework provides a degree of flexibility and
can be targeted towards the specific application. A high level of communication
between the stakeholders was seen as key and the framework aims to provide
effective support for this.
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Contribution to Knowledge
The novelty of the work presented in this Thesis lies in the combination of dif-
ferent sustainability aspects in one coherent framework. The framework and
methodology developed provide structured decision support for sustainable mate-
rial choices, which includes the systematic assessment of economic, environmental
and risk aspects.
A key feature of this decision support approach is that it uses all types of avail-
able data to present the decision makers and stakeholders with a full view of the
situation. It combines established approaches in a novel way to provide effec-
tive decision support and has demonstrated how this can be achieved through a
detailed case study.
Sensitivity and probabilistic analyses are used to ascertain confidence in calcu-
lated output values. Different priorities can be factored in as well as different
attitudes towards risk through the implementation of an MCDA approach. The
proposed framework and methodology can be transferred to similar decision prob-
lems within the shipping sector and beyond. In this way, it provides structured
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ratios
and transparent decision support for sustainable material choices in a life cycle
context.
The following features of the approach are especially useful for the decision mak-
ing process and have been demonstrated in the context of the case study:
• Calculation of quantitative results for LCC, environmental impacts and
risk aspects, which help to understand and communicate the potential and
trade-offs between these aspects;
• Explicit consideration of the uncertainties involved, delivering a good un-
derstanding of how these can influence the expected range of results;
• An overall evaluation (final score), which takes into account the priorities
of the decision maker as well as their attitude towards risks;
• Analysis of how changes in priorities or risk attitude can change the final
result;
• Identification of focus areas, where uncertainties and accordingly risks can
be decreased in order to achieve an overall better result with a higher con-
fidence.
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Readers Guide
This Thesis comprises the following chapters: An introduction to the topic and
the background is presented in Chapter 1. This is followed by a critical review of
the literature in Chapter 2, which is focussed on methodologies and approaches
that have been applied in related contexts. Relevant approaches are highlighted,
as well as gaps and shortcomings in existing work. The methodology is described
in Chapter 3 in a generic way, which permits transferability of the approach to
similar problems in a different context. The specific application case study in the
shipping sector and the respective results are presented in detail in Chapter 4.
Reflections on the learning outcomes from the development of the methodology
and its application to the case study are discussed in Chapter 5, together with
potential transferability to other problems. Concluding remarks are provided in
Chapter 6.
The following supporting information is provided in the Appendices: Details
about the data collection are given in Appendix A, additional information and
calculations for the LCC model are provided in Appendix B. Moreover, a list
of conferences and publications is provided in Appendix C and the full journal
paper is included in Appendix D. The previous progress reports are included in
Volume 2 (electronic copy only).
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Abbreviations, Terms & Symbols
Unless otherwise stated in specific chapters, the definition of abbreviations and
symbols used in this Thesis is as follows.
Symbols and Greek Letters
A Alternative
B Measure
C Costs
E Environmental score
F Factor
L Confidence level
LCC Life cycle costs
M Mass
NA Not applicable
P Performance score
R Health and safety risk score
S Significance score
T Total score
X¯ MCDA matrix
d Thickness
f Input factor
i Interest rate
p Probability
m Hybrid gradient
m˜ Partial derivative
m¯ Non-dimensional gradient
n Number
r Discount rate
t Time
w Weighting factor
x Factor of variation
xi,j Matrix entry
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δ Change factor
φ Baseline factor
λ Limiting factor
∆ Change / difference
# Number / count
Indices & Subscripts
BC Best case
C Costs
E Environment
EoL End of life
I Initial
O&M Operation and maintenance
R Risk
WC Worst case
i, j, k Indices of summation
m Number of alternatives
n Number of measures
Superscripts
j Alternative j
0 Baseline
C Composites
H HSLA steel
S Conventional steel
n Upper bound of summation
′ Baseline value (absolute)
~ Vector notation
¯ Matrix notation
Terms and Abbreviations
AHP Analytic Hierarchy Process
A Multi-Criteria Decision Analysis (MCDA) method.
ANP Analytic Network Process
A MCDA method.
API American Petroleum Institute
CDF Cumulative Distribution Function
As used in probability theory and statistics.
CFRP Carbon Fibre Reinforced Plastic
CF Carbon fibre
CH4 Methane
CO2 Carbon Dioxide
CP Current Price
The non-discounted price.
CoF Consequences of Failure
As used in Risk Assessment (RA).
EC European Commission
EIA Environmental Impact Assessment
Required for public tenders.
EI Environmental Impacts
As evaluated in this Thesis.
xxiii
Preface xxiv
ER Epoxy Resin
ETS Emission Trading Scheme
A European-level policy for reducing Greenhouse Gas (GHG) emis-
sions.
EoL End of Life
GF Glass Fibre
GHG Greenhouse Gas
HSLA High-Strength Low-Alloy steel
H&S Health and Safety
IMO International Maritime Organization
The UN agency responsible for regulating shipping.
I Initial
KPI Key Performance Indicator
The most important Performance Indicators (PIs).
LCAT Life Cycle Assessment Tool
LCA Life Cycle Assessment
A process-level approach for assessing Environmental Impacts (EI).
LCCA Life Cycle Cost Analysis
Alternative terminology for Life Cycle Costs (LCC).
LCC Life Cycle Costs
As used in this Thesis.
LCPA Life Cycle Cost and Performance Assessment
As used in this Thesis.
MAUT Multi-Attribute Utility Theory
A MCDA method.
MAVT Multi-Attribute Value Theory
A MCDA method.
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MCA Multi-Criteria Analysis
Broader term, including MCDA methods.
MCDA Multi-Criteria Decision Analysis
As used in this Thesis.
MGO Marine Gas Oil
MOO Multi-Objective Optimisation
As opposed to MCDA.
MOSAIC Materials On-board: Steel Advancements and Integrated
Composites
The EU project described in this Thesis.
NDT Non-Destructive Testing
NH3 Ammonia
NO2 Nitrogen Dioxide
NOX Mono-Nitrogen Oxides
NPV Net Present Value
The sum of all discounted cash flows.
O&M Operation and Maintenance
PI Performance Indicator
A condensed list of important criteria.
PV Present Value
The discounted price.
PoF Probability of Failure
As used in RA
RAGS Risk Assessment Guidance for Superfunds
RA Risk Assessment
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ROC Renewables Obligation Certificate
Certificates issued to operators for generating electricity from re-
newable resources.
SLCA Social Life Cycle Assessment
Extension of Life Cycle Assessment (LCA), including social aspects.
SO2 Sulfur Dioxide
SOX Sulfur Oxide
SOLAS Satety of Life at Sea
International Maritime Organization (IMO) safety regulations.
VBA Visual Basic for Applications
VE Vinyl Ester
VLCC Very Large Crude Carrier
WLC Whole Life Costing
Similar approach to LCC, with different boundaries.
WSM Weighted Sum Method
A MCDA method.
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Introduction & Background
‘Sustainable development is development that meets the needs of the present
without compromising the ability of future generations to meet their own needs.’
(Brundtland 1987)
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1.1 Sustainability and the Shipping Sector
Sustainability is a complex concept, which can have different meanings to different
people. In this Thesis, it refers to being able to sustain activities over a long-term
period, not only from an economic perspective, but also from an environmental
and social viewpoint. A useful definition in the context of asset management was
provided by Chandima Ratnayake & Markeset (2012), who defined sustainable
performance as receiving return on investments, without endangering the natural
environment and society.
1.1.1 The Challenge: Background, Scales and Impacts
Approximately 80 % of global trade by volume and over 70 % of global trade
by value is carried across the world’s oceans by almost 90,000 marine vessels
(UNCTAD 2015). Average annual fuel consumption between 2007 and 2012 was
estimated by the International Maritime Organization (IMO), the UN agency
responsible for regulating shipping, to be between 247 Mt and 325 Mt. Shipping
also emitted 3.1 % of global Carbon Dioxide (CO2) emissions, 15 % of global
Mono-Nitrogen Oxides (NOX) and 13 % of global Sulfur Oxide (SOX) emissions
from anthropogenic sources (IMO 2015), referring to the total amount reported
in the IPCC Fifth Assessment Report (AR 5) (Stocker et al. 2013).
These emissions have both local as well as global impacts: NOX and SOX com-
pounds react with water and form various acidic compounds that cause local
acidification issues. Furthermore, the pollutants are transported by wind and
water and do not stop at national boundaries. Moreover, CO2 emissions con-
tribute significantly to increasing the global warming potential. The effect of
global warming can already be noticed globally, with highest impacts often oc-
curring in the most vulnerable parts of the world. The average annual numbers
for shipping-related emissions for 2007-2012 were 1015 Mt CO2, 20.9 Mt for NOX
(as Nitrogen Dioxide (NO2)) and 11.3 Mt for SOX (as Sulfur Dioxide (SO2)).
By 2050, emissions from international shipping could grow by between 50 % and
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250 %, depending on future economic growth and energy developments (IMO
2015).
In view of the scales of impacts, awareness of sustainability and environmental
impacts of shipping and ship building is rising, leading bodies such as IMO to
increasingly recognising and emphasising environmental protection. In addition
to IMO’s original focus on maritime safety, they have for some time also stated
that the vision for the industry is ‘to eliminate, or reduce to the barest minimum,
all adverse environmental impacts from ships’ (IMO 2011a). Moreover, they ac-
knowledge that with more than half of the world’s population, and especially a
large number of the poorest people, living within 60 km of shoreline, there is a
global dependency on marine resources and a large number of people suffering
in the event of marine pollution (IMO 2011a). A wide range of measures have
already been implemented to prevent and control pollution and to mitigate ef-
fects from maritime operations that have a potential damage to the environment,
human health or resources. These include regulations concerning the whole life
cycle, such as efficiency measures, pollution prevention and ship recycling.
Within the typical life cycle of a ship, which could be around 20 40 years, the
operational stage is predominant with regard to both costs and environmental
impacts (assuming no major accidents), with fuel consumption being the single
most contributing factor (Burman et al. 2006, 2015). Therefore, there is a growing
demand and large incentives to reduce fuel consumption in a ship. This can
be done for example by making ships more streamlined or more lightweight.
Fuel savings are possible in particular if lightweight materials are used instead
of conventional marine steel. The implications about major modifications for
reducing fuel consumption need to be evaluated holistically. This includes looking
at different aspects over the whole life cycle, in particular related to environment,
economics and risks. These need to be considered alongside each other to support
sustainable decision making.
Not only costs and environmental impacts are of interest, but, moreover, aspects
related to the safety of shipping operations have long been an important focus
in the industry. Substantial effort is being invested in reducing the risk of fail-
ure, which is generally related to the inevitably presence of uncertainty. This is
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due to limited data and knowledge and the inherent variability of both natural
and engineered systems. Evaluating the performance of ships involves making
assumptions that extend to the whole life span of the ship and therefore large
uncertainties are present in such evaluation. In order to understand the longterm
performance of the ships, this uncertainty should be considered and understood.
This does not only have a bearing on issues related to health and safety risks,
but is equally relevant for estimating cost and environmental impacts.
All the aspects mentioned above, namely life cycle costs, risks and environmental
aspects, need to be combined to provide rational decision support for design
modifications or retrofitting in general, and the selection of the best available
option. The long-term performance of potential options needs to be understood,
appreciating limitations of models and uncertainties involved. Incorporating all
these aspects in a transparent way will provide a sound basis for well-informed
decision making.
1.1.2 The Approach: Life Cycle Sustainability Assess-
ment
In order to develop sustainable marine and transport assets, there is need for
decision support approaches and implementation frameworks that integrate eco-
nomic, environmental and social factors. This is because in view of climate change
and global population growth, the impact of industrial activities on environment
and society needs to be considered explicitly in addition to traditionally used eco-
nomic performance criteria. In the context of (mobile) transport assets, the most
important social factors are generally related to health and safety risks.
Adopting a life cycle perspective is key for such sustainability assessments, con-
sidering the long life span of transport assets in general, and of ships in particular.
Decision makers may be incentivised to focus on short-term returns, but having a
long-term perspective can lead to much greater benefits over the whole life cycle.
Equally, the consequences of choices and decisions need to be considered with a
long-term view, too, not only with regard to health and safety, which is tradition-
ally the case, but also from an economic and environmental perspective.
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Explicit evaluation of uncertainty provides added value for the analysis, espe-
cially when applying a life cycle perspective. Assumptions and predictions have
to be made that reach as far into the future as the life-span of the asset; this
means that there is significant uncertainty involved in every assessment. Us-
ing suitable approaches to evaluate uncertainty helps to obtain an understanding
about the most likely range of results, in order to provide the decision maker with
increased confidence about the likely implications of their decisions. This may
include statistical or probabilistic techniques as well as scenario-based or fuzzy
logic approaches.
The following paragraphs provide a brief introduction to common life cycle ap-
proaches that are used to evaluate life cycle costs, environmental impacts and
risks, respectively.
1.1.2.1 Life Cycle Costs (LCC)
The Life Cycle Costs (LCC) approach is used to calculate the value of a product
or service throughout the entire life cycle while fulfilling its required performance
(ISO 2008). This includes initial costs, costs for maintenance and repair as well
as costs for disposal or recycling activities respectively.
The decreasing monetary value over time is considered by factoring in the cor-
responding discount rate r and inflation rate i for the time period considered.
The sum of all discounted cash flows is expressed with the Net Present Value
(NPV), which represents a current value of all future cash flows associated with
the product or service. Further details for calculating the NPV are provided
in Section 3.3.1. For different costs, discount rate, inflation rate and time will
depend on the stage at which these costs occur. Moreover, discount rates vary
depending on the context, especially whether it is used in the private or in the
public sector. In LCC for public investment, discount rates are determined by
national agencies, such as HM treasury’s Green Book in the UK (HM Treasury
2011). On the other hand private discount rates are higher, as the private sector
strives for higher profit whilst accounting for potential uncertainties. In both
cases, however, decision making is based on maximising the NPV.
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LCC has a number of advantages and disadvantages: Overall, LCC is judged as a
powerful tool to evaluate the costs over the whole life cycle. It helps to shift the
focus from short-term gains to long-term benefits. Therefore, it appears to be of
growing interest for industrial decision making. Drawbacks include the fact that
it relies heavily on input data and assumptions, which may not always be easily
available. This could be because they span the expert areas of different groups
of stakeholders (including manufacturers, owners and operators), who may not
be willing to share their respective knowledge and data. This is one possible ex-
planation why LCC approaches have not been taken up more widely. Similarly,
although LCC is powerful for highlighting benefits from an owners/operators
perspective, costing exercises are generally done at the design stage. Another
disadvantage of traditional LCC approaches is that they do not normally include
externalities, i.e. costs or benefits that affect external parties and are thus not ex-
plicitly accounted for in the analysis. Examples include costs to the environment
and society, such as air and water pollution.
Sometimes LCC is also referred to as Life Cycle Cost Analysis (LCCA). For con-
sistency reasons, the term LCC is used in the following. Strictly speaking, when
using the term ‘LCC’ as defined in ISO 15686, environmental costs should only
be included if there is an actual payment (e.g. through taxes). Otherwise the
approach should be called Whole Life Costing (WLC) (ISO 2008). However, in-
creasingly, especially in the EU, the term ‘environmental LCC’ (see Figure 1.1) is
used to account for environmental costs, e.g. through monetisation of the results
from a Life Cycle Assessment (LCA). Traditionally such approaches have been fo-
cussed on internal environmental costs only; however, it is now recommended by
the EC to include externalities as well (EC 2016). Monetisation of environmental
impacts is discussed in more detail in Section 2.1.2.2.
Figure 1.1: Environmental LCC structure (adapted from EC (2016))
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1.1.2.2 Assessment of Environmental Impacts (EI)
The approach for assessing environmental impacts of products or processes over
their life cycle depends on the level of detail required, the resources available
and the desirable focus. Different methods exist that each have their own merits
and drawbacks. Common techniques include LCA, Environmental Input-Output
Analysis (EIO), Environmental Impact Assessment (EIA) and screening assess-
ments using expert judgements.
LCA is a holistic and systematic environmental impact assessment tool for the
whole life cycle (commonly called a ‘cradle to grave’ approach), which conse-
quently requires a high degree of time and data input. The definition of LCA
as given by the International Organization for Standardization ISO (2006a) is:
‘Compilation and evaluation of the inputs, outputs and the potential environ-
mental impacts of a product system throughout its life cycle.’ According to the
ISO standards 14040 and 14044, the LCA is carried out in four phases: Goal
and Scope definition, Inventory analysis, Impact Assessment and Interpretation
(ISO 2006a,b). All these phases are interdependent, as the result of one phase
determines the execution of the next.
Sustainable development calls for a multi-criteria analysis, including social, eco-
nomic and environmental impact assessments. The LCA community has ap-
proached this by incorporating LCC and so-called Social Life Cycle Assessment
(SLCA). These can be applied in the same way as LCA, to the same system
boundary and to the same set of inventories (Sadhukhan et al. 2014). Simi-
lar to LCA, Social Life Cycle Assessment (SLCA) and LCC show corresponding
hotspots and ways of mitigation. SLCA categories are less defined than LCA and
LCC, and usually focused around labour rights, human rights, health and safety,
governance, and community infrastructure (UNEP/SETAC 2009).
Simplified LCA methods also exist, such as screening LCA or so-called meta-
LCA, which reuses results from previous LCA studies to draw conclusions about
the key contributing variables. However, this is only applicable to mature fields,
where sufficient information is available already.
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The next technique for assessing potential environmental impacts is EIO. Whilst
LCA is focused on a bottom-up assessment of products, EIO applies a top-down
system-view, based on monetary input and output data for a specific sector.
Therefore it is much less specific and detailed for the assessment of products.
Hybrid approaches exist that aim to combine the top-level view of EIO with the
detailed process modelling of LCA for the key aspects (see e.g. Majeau-Bettez
et al. 2011).
Another technique is EIA, which applies a different type of approach compared to
LCA and EIO and less relevant in the context of this work. The purpose of EIA
is to provide ‘an assessment of the impact of a planned activity on the environ-
ment’ (UNECE 1991). It is the process that details all expected environmental
consequences (positive as well as negative) of a planned project or policy. Due
to this focus, its application in the context of evaluating specific design decisions
is limited.
The final technique for assessing potential environmental impacts is through
expert-elicitation. Such a participatory approach can provide insights into the
key environmental concerns whilst avoiding the need for detailed and resource-
intensive analytical assessments, such as LCA or EIO. However, it has to be
ensured that appropriate people are involved to provide relevant insights into
potential environmental issues and concerns.
1.1.2.3 Uncertainty
Uncertainty in life cycle approaches is unavoidable; therefore it should be un-
derstood and treated accordingly. Uncertainty arises not only due to natural
variability and randomness in any given system (for example, any natural system
is inherently variable to allow for developments and evolution), but also due to
the need for assumptions and predictions that reach as far into the future as
the life cycle of the asset. The different sources of uncertainty need to be first
understood and then considered explicitly where appropriate.
The EPA Risk Assessment Guidance for Superfunds (RAGS) defines uncertainty
as a ‘lack of knowledge about specific variables, parameters, models, or other
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factors’ (EPA 2001). Uncertainty is treated differently, depending on the level of
understanding and data availability. Common approaches include the investiga-
tion of different scenarios, introduction of fuzziness or probabilistic treatment of
uncertainty.
Scenario-based treatment of uncertainties is popular, especially in a business con-
text, since it is generally simple and straight forward to implement. The key
parameters are identified and likely scenarios for these are investigated by means
of ‘what if’ analysis. This could include expected price development for key pa-
rameters or time scales that might vary. In this way, a screening of the impacts
of uncertainties in key parameters is established.
Fuzzy set theory is a mathematical way of handling uncertainties, considering im-
precision and vagueness. When a situation cannot be easily described by quanti-
tative expressions, linguistic variables can be used instead to reasonably describe
relationships of weights or performance scores including consideration of a certain
range. These linguistic values can be represented through fuzzy numbers, which
specify a degree of ‘membership’ (Kaya & Kahraman 2011).
Probabilistic approaches represent another alternative way of handing uncertain-
ties, especially if more quantitative data is available. One of the most simple
forms of probabilistic distributions is the use of triangular distributions, defined
by a minimum and maximum value and the geometric mean, as depicted on the
left of Figure 1.2. Another possibility is to use trapezoidal distributions, defined
by a minimum and maximum value and a uniform distribution for the range of
most likely values, as depicted on the right in Figure 1.2. In both cases, the width
of the distribution represents the variability and/or uncertainty associated, the
wider the distribution, the higher the variability or uncertainty.
Figure 1.2: Triangular distribution (left) and trapezoidal distribution (right)
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Probabilistic and fuzzy approaches are sometimes combined with each other;
therefore, they are often expressed through similar characteristics, for example
by applying similar shapes to characterise the degree of membership. Accordingly,
common types of fuzzy numbers include triangular fuzzy numbers and trapezoidal
fuzzy numbers (Singh et al. 2014).
Ang & Tang (2007), who applied probabilistic approaches, classified uncertainty
into the aleatory and the epistemic type, which should each be evaluated sepa-
rately. Epistemic uncertainty arises from limited knowledge and lack of accuracy
in predicting a given system. Aleatory uncertainty on the other hand reflects
the natural variability and randomness occurring within a system. Similarly, Ki-
ureghian & Ditlevsen (2009) classified epistemic uncertainty as the type which
can potentially be reduced further through spending additional efforts on data
gathering and knowledge generation. As aleatory uncertainty is related to nat-
ural variability and randomness, it cannot be reduced further. For both types
of uncertainty, probability and statistics provide suitable tools which help to in-
crease confidence in calculated values and enable better estimation for decision
making.
In the case of epistemic uncertainty it is possible to introduce auxiliary variables
that define statistical dependencies (correlations) between different components
of a problem. These variables capture information from further data gathering
or advanced scientific principles. In this way it is possible to analyse statistical
dependencies of systems that arise from epistemic uncertainties (Kiureghian &
Ditlevsen 2009).
Monte Carlo analysis is perhaps the most widely used probabilistic method for
uncertainty analysis (EPA 2001). Changes in variables are modelled with proba-
bility distributions, and a large number of random samples is used to model the
overall behaviour.
1.1.2.4 Risk Assessment (RA)
Risk assessment is used to understand the potential consequences associated with
uncertain events. Risk is defined as the ‘effect of uncertainty on objectives’, which
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may lead to potential (positive or negative) events and consequences (ISO 2009).
The American Petroleum Institute (API) Recommended Practice applies this def-
inition to asset management. In this context, risk is defined as the ‘combination
of the probability of an event and its consequence’. When expressed in numerical
terms it refers to the product of both (API 2009).
Risk assessment is generally coupled with costing exercises, i.e. minimising the
costs to achieve a certain risk target or minimising the risk at a given budget.
Risk assessments can be done with a variable level of detail, from top-level screen-
ing assessment down to a very detailed assessment, depending on the context and
importance of this aspect. EPA (2001) provides extensive guidance for risk assess-
ment from an environmental perspective, focussing on the risks to human health
and the environment, including recommendations about when probabilistic risk
assessments are appropriate.
1.1.2.5 Combination of Life Cycle Aspects
Different options for combining the above mentioned life cycle approaches exist,
with the most common ones below:
1. Separate treatment of different aspects and presentation alongside each
other to the decision maker without combination.
2. Monetisation approaches, in which environmental or risk aspects are as-
signed a cost or value and factored into the LCC.
3. Multi-Criteria Decision Analysis (MCDA), in which different aspects are
compared per individual aspect and / or combined into a common score.
There is no generic optimum option that is valid in all situations. Instead, the
optimum choice generally depends on the decision making context. Each of the
options has merits and drawbacks, which are discussed in more detail in Sec-
tion 2.1.2. The first option is most straight forward, but leaves the decision maker
with the task of prioritisation. In contrast, monetisation approaches provide clear
and comprehensible results, especially in an industrial decision making context,
where financial measures often dominate decision making. However, monetisation
of non-financial aspects is not necessarily straight forward or reasonable for cer-
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tain aspects, which is discussed in more detail in Section 2.1.2.2. Multi-Criteria
Decision Analysis (MCDA) approaches on the other hand may provide alterna-
tives where monetisation falls shorts, because it provides greater flexibility to
integrate different types of data. However, it may be more complex and requires
transparent communication of assumptions. Given that, MCDA approaches can
help to provide a better understanding of the problem’s complexitiy, trade-offs
involved and the impact of prioritisation and weighting.
1.1.3 The Case Study: Material Selection for Sustainable
Shipping
1.1.3.1 Demand for Lightweight Materials
Despite an increasing demand for considering sustainability aspects in the ship-
ping sector, there is a lack of guidance on how this can be achieved (Mansouri
et al. 2015). One option for increasing sustainability is the selection of materials
that enable sustainability from a life cycle perspective. This requires a holistic
analysis in order to understand their sustainability performance over the whole
life cycle.
The choice of material has a large impact on every aspect of the ship life cycle,
but especially on the fuel consumption, if a lightweight material is chosen. The
lower the structural weight of a ship, the less propulsive power is required, and
consequently the fuel consumption is reduced during the operational stage. This
is desirable from both economic and environmental perspectives, because the
amount of emissions will be reduced if the fuel consumption decreases. Moreover,
if the topside weight of a ship is reduced, this can help to lower the ship’s center
of gravity and hence increase stability. If the structural weight is reduced, this
can either lead to fuel savings per journey, or alternatively, there is potential
for higher payloads whilst keeping the costs, emissions and stability levels the
same, or a compromise between those two options. In any case, incentives for
implementing light-weight materials in the ship structure are high.
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Since the choice of material has different implications on many aspects of the
life cycle, a holistic analysis is required that considers every life cycle stage and
helps to understand trade-offs. For instance, higher initial investment may be
required, which needs to be justified and offset by larger savings later in the life
cycle. Environmental regulations have to be met and potential issues identified.
In terms of risks, it has to be proven that the material is fit for purpose and that
risks are kept to an acceptably low level. All life cycle stages should be considered
explicitly, including production, operation and maintenance and end of life.
1.1.3.2 Lightweight Material Concepts
Different concepts for making ship structures more light-weight have been pro-
posed in the past. With regard to material options, popular concepts for investiga-
tion include the replacement of conventional steel with aluminium, high-strength
steels or composite materials (Hertzberg 2009, Lindqvist 2012). These have al-
ready been used succesfully for military applications, however the implementation
in ships for civil use is limited, due to a number of factors:
According to Hertzberg (2009) the challenges associated with using lightweight
materials in shipbuilding are either of technical nature, or related to tradition in
the industry, or related to costs. Technical challenges include questions related
to human health and safety risks, for instance how to ensure structural integrity
of components and joints to enable safe operation. Regarding tradition, there
appears to be a generally conservative attitude in the industry, which can possibly
be explained by the large scale of potential consequences in case of a failure. A
large-scale failure would not only result in high mitigation costs, but probably
also cause a loss of reputation and may challenge the financial situation and even
the whole existence of the accountable company.
Aluminium The mass density of aluminium is approximately 2700 kg/m3 com-
pared to ≈7850 kg/m3 for steel (depending on the grade). This is about 1/3 of
the mass density of steel, therefore aluminium is seen as a promising material to
reduce the weight of ship structures and is already being implemented in differ-
ent ship applications (Hertzberg 2009). Furthermore, it is readily available, and
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also corrosion resistant. However, aluminium has a higher thermal conductivity
and lower melting point than conventional steel, which induces challenges both
for fabrication (i.e. welding), as well as for the structural integrity in case of a
fire.
High-strength steel High-Strength Low-Alloy steel (HSLA) is essentially a
category of steels that can be tailored to offer improved properties such as frac-
ture toughness, improved response to cyclic loads, high strength and corrosion
resistance to reduce the risk of crack initiation and propagation in critical areas of
ships. High-Strength Low-Alloy steel (HSLA) steels have a similar mass density
to conventional marine steel, but due to their improved material properties it is
possible to reduce the thickness of structures, which can lead to significant weight
savings. Disadvantages include limited availability of knowledge and experience,
higher initial costs and, depending on the grade, issues might occur related to
weldability or hydrogen embrittlement.
Composite materials Composite materials offer a promising option for light-
weight materials, although there are a number of drawbacks that need to be
overcome. The key advantages and disadvantages of using light-weight composite
materials are summarised in Table 1.1. These include aspects related to safety,
environmental impacts and costs. Uncertainties and accordingly risks are present
in a number of these factors.
Table 1.1: Advantages and disadvantages of using light-weight composite ma-
terials, compared to conventional marine steel
Advantages Disadvantages
Safety Potential increase of stability for top-
side weight reduction; Not susceptible
to corrosion issues.
Higher uncertainty about material
performance and structural integrity
(components & joints) → increased
risk of failure; Lower fire resistance.
Environm. Emission savings during operational
stage.
Higher environmental footprint dur-
ing production and end of life.
Costs Cost savings in O&M stage (Fuel sav-
ings, potentially less maintenance);
Potential for higher payloads.
Higher material costs; Higher costs
for fire prevention (insulation and
mitigation); potential increase in in-
spection activities.
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One of the main health and safety risks associated with the implementation of
composite materials are issues with fire safety. Accidents due to fire cause 10 % of
casualties at sea and thus fire is in third place of insurance costs from accidents
at sea, after grounding and collision (Hertzberg 2009). Therefore it is not an
option to implement light-weight materials at the expense of increasing the risks
associated with fire. Two aspects contribute to the risk of fire: the combustibility
of the material and the high-temperature behaviour. Combustability can be
reduced by active or passive protection, such as a non-combustible cover (passive)
or a water sprinkler system (active). Moreover, composite materials tend to lose
their structural integrity at much lower temperatures compared to steel, and
therefore, additional insulation material may be required. All of these measures
however reduce the weight savings advantages (Hertzberg 2009).
1.1.3.3 Scope of the Case Study
This research work was supported by the European Commission’s Seventh Frame-
work Program project Materials On-board: Steel Advancements and Integrated
Composites (MOSAIC) [grant number 314037] by way of access to information
and knowledge generated. The aim of the MOSAIC project was to investigate the
implementation of advanced materials in the ship structure and their life cycle
implications. This was with a view to reducing operational costs and improving
life cycle performance by using stronger, thinner and lighter components.
Three objectives were identified as foremost priorities for the evaluation:
• Minimisation of life cycle costs,
• Minimisation of health and safety risk,
• Minimisation of environmental impacts.
The aim of the research presented here was to understand if and how much the
new materials can contribute to achieving these goals and thus provide decision
support for their potential implementation. The approach for assessing the dif-
ferent material options holistically comprised the following tasks:
1. Identification of stakeholders and relevant criteria and performance mea-
sures.
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2. Identification of suitable approach and execution of life cycle costing, risks
and environemntal impact assessment.
3. Integration of individual aspects in an appropriate way, that provides clear
and useful decision support about further investigation and future imple-
mentation.
Case study materials Initially, a pre-screening was carried out, identifying
a number of different material options and specific application cases. The selec-
tion of the materials to be investigated in detail was based on their suitability
from both a scientific as well as an industrial perspective. This included con-
sideration of the project scope, resources, expected benefits, industrial interest
and applicability to multiple vessel types. In this regard, end user’s (owner and
builder) preferences were considered to be among the principal criteria (MOSAIC
2012). The potential of the following two material options for replacing conven-
tional marine steel components in the structure of passenger and cargo ships were
investigated in detail:
1. HSLA: Grade S690, investigated because of its favourable material prop-
erties compared to conventionally used marine steel, and potential to use
more lightweight structures.
2. Composites: Balsa core with vinyl ester resin reinforced by glass fibres,
processed by vacuum bag and cured: Introduction in parts of the superstruc-
ture that are non-critical for structural integrity, thereby reducing weight
and corrosion effects.
MOSAIC leverage This research benefited from the MOSAIC project in two
ways: Firstly, by access to knowledge and information generated in the project,
related to material performance of the specific materials investigated. Secondly,
through insightful discussions with experts and stakeholders in the shipping in-
dustry, highlighting the most pressing problems in the sector and providing a
source for information used in the evaluation stage. All input sources from the
MOSAIC project are acknowledged accordingly.
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The methodology presented has been inspired by the project and has found ap-
plication in the project. However, it goes beyond the confines of the project: it
is not restricted to application in the MOSAIC context, but transferable to other
applications in the offshore and transport sector, as discussed later.
1.2 Aims & Objectives
The aim of the work presented in this Thesis was to develop methods and tools,
which facilitate rational decision support for sustainable material selection in
the shipping sector, considering the whole life cycle. In order to meet this aim,
a number of objectives had to be met: First, it was important to understand
the context of the decision problem. This included a clarification of the range of
materials under consideration and a clear definition of the meaning of ‘sustainable
materials’ in a life cycle context. Stakeholders and experts had to be identified
and involved for this task. Once this was clear, information had to be collected
from a variety of sources, including literature and industry data.
After establishing the decision context, the methodology was developed for evalu-
ation and quantification of the aspects that were relevant for the decision problem,
namely life cycle costs, environmental impacts and health and safety risks. Uncer-
tainty was analysed for each of those aspects individually and finally these were
combined with the aid of an MCDA approach. The structure of the work car-
ried out in this Thesis, and how it relates to the rationale and the aim discussed
earlier, is depicted in Figure 1.3.
1.3 Structure of the Thesis
This Thesis comprises the following chapters: An introduction to the topic and
the background has been presented in this chapter (Chapter 1). This is fol-
lowed by a critical review of the literature in Chapter 2, which is focussed on
methodologies and approaches that have been applied in related contexts. Rel-
evant approaches are highlighted, as well as gaps and shortcomings in existing
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Figure 1.3: Structure of the work carried out in this Thesis
work. The methodology is described in Chapter 3 in a generic way, which per-
mits to transfer the approach to similar problems in a different context. The
specific application case study in the shipping sector and the respective results
are presented in detail in Chapter 4. Reflections on the learning outcomes from
the development of the methodology and its application to the case study are
discussed in Chapter 5, together with potential transferability to other problems.
Concluding remarks are provided in Chapter 6.
The following supporting information is provided in the Appendices: Details
about the data collection are given in Appendix A, additional information and
calculations for the LCC model are provided in Appendix B. Moreover, a list
of conferences and publications is provided in Appendix C and the full journal
paper is included in Appendix D. The previous progress reports are included in
Volume 2 (electronic copy only).
The objectives for the individual chapters are:
• Chapter 1: Introduce the research problem and provide the context.
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• Chapter 2: Review of approaches and methodologies already available.
Establish the baseline and state-of-the art and identify the shortcomings
and gaps. Highlight why current approaches are not sufficient.
• Chapter 3: Develop a methodology that addresses the overall aim & ob-
jectives and overcomes the identified gaps.
• Chapter 4: Formulate and evaluate a case study for sustainable ship ma-
terials holistically: LCC alongside an assessment of Environmental Impacts
(EI) and Risk Assessment (RA), also considering uncertainty and combining
all these aspects in a sensible way.
• Chapter 5: Discuss lessons learnt and establish significance. Discuss trans-
ferability to other case studies and other sectors.
• Chapter 6: Draw conclusions, highlight how the objectives have been met
and, in turn, how this satisfies the overall aim. Highlight scope for future
research.
Chapter 2
Critical Review of Methods and
Approaches
‘If you think the economy is more important than the environment, try holding
your breath while counting your money.’
(Guy McPherson)
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The literature review is split into three main parts: the first part discusses life
cycle approaches in more detail, highlighting their shortcomings when used for
evaluating individual sustainability aspects on their own. The second part in-
troduces Multi-Criteria Decision Analysis (MCDA) approaches and outlines how
these can be useful for supporting complex decision problems. The third part
presents examples of how life cycle approaches and MCDA are currently ap-
plied in the shipping sector, highlighting the gaps and limitations in current
projects.
2.1 Life Cycle Approaches
The individual strengths and weaknesses, opportunities for combination and
treatment of uncertainty of the life cycle approaches introduced in Section 1.1.2
are discussed in the following. The three life cycle approaches that were found
useful for the evaluation of different aspects of sustainability are Life Cycle Costs
(LCC), Environmental Impacts (EI) and Risk Assessment (RA).
2.1.1 Strengths and Weaknesses of Individual Approaches
The key strengths and weaknesses of the life cycle approaches introduced earlier
are summarised in Table 2.1. The strengths of each of the approaches are related
to their respective domain, i.e. they cover the areas well for which they were
intended. One additional challenge, which applies to all three approaches, is that
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the results are highly dependent on the available data. This is especially critical
for EI and RA, where generally less data is available.
Table 2.1: Strengths and weaknesses of different life cycle approaches
Strengths Weaknesses
LCC Quantitative measure. Cost often rep-
resents the single accepted criterion on
which decisions are based. The life cy-
cle approach helps to obtain a long-term
perspective.
Decision makers may be more interested
in short-term rewards. Not all impacts
can be captured in costs. Results are
highly dependent on prevailing discount
rate and the uncertainty involved in look-
ing far ahead in the future.
EI Most EI assessment methods apply a
long-term perspective and evaluate di-
verse aspects to present a holistic picture.
Different methods are available, depend-
ing on aim & focus.
Certain aspects are difficult to quantify.
Priorities may differ depending on stake-
holder groups involved. Treatment of un-
certainty is inconsistent, if treated at all.
RA Accepted evaluation method for identifi-
cation and quantification of risks, possi-
bility to use semi-quantitative approach
and expert judgement. Uncertainty is in-
tegrated systematically. Helps to priori-
tise high-risk components.
Risk evaluation is inherently uncertain.
Risk levels can be subjective. Stakehold-
ers may disagree with expert judgements.
LCC is powerful in an industrial decision context, where most decisions are based
on cost factors. Applying a life cycle perspective strengthens traditional costing
because it also considers a long-term perspective. However, this may not be
appreciated enough, especially where decision makers are incentivised with short-
term rewards.
Approaches for evaluating EI generally apply a long-term perspective and evalu-
ate a variety of aspects, to provide a holistic picture. Depending on the focus of
the evaluation, either a top-level screening assessment can be performed, or a very
detailed bottom-up Life Cycle Assessment (LCA), or an intermediate approach
between these two extremes. However, as mentioned earlier, certain environmen-
tal aspects are difficult to quantify, such as the value of biodiversity or human
health. The focus adopted depends on the method applied and determines which
aspects are to be omitted or prioritised.
Prioritising is one of the main aims of RA, which is used to identify and subse-
quently focus attention on high-risk components. Both quantitative as well as
semi-quantitative approaches can be used. However, risk levels may be perceived
differently between experts and external stakeholders.
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All of the approaches have their strengths for the evaluation of one specific aspect.
Their respective objectives are however not necessarily linked to sustainability,
especially in the case of LCC and RA. Therefore, their scope is limited to this
aspect and extending them to integrate more than might make them less mean-
ingful for their original intention. All of the approaches moreover rely heavily
on the availability of suitable input data and they have different ways to treat
uncertainty. The latter is discussed in more detail in Section 2.1.3.
2.1.2 Combination of Approaches
The three common options for combining the different life cycle sustainability
aspects have been introduced in Section 1.1.2.5. These are either a separate
treatment of the different sustainability aspects, without integration or combina-
tion, or monetisation of risk and environmental aspects, or structured integration
by means of MCDA approaches. The merits and drawbacks of each of these are
discussed in the following.
2.1.2.1 Separate Evaluation
The first option requires least discussion, but also provides least guided support.
It can be argued that keeping the different aspects separate presents the individual
results in a clear and unbiased way. It does not require weighting or combination
of the different aspects. However, this option only delivers clear guidance when all
performance measures of one alternative are superior compared to others, which
is not very likely for complex problems that require decision support. In all other
cases, the disadvantage is that it simply passes on to the decision-maker, the
need for weighting and setting of priorities, without providing further objective
guidance. Therefore, it may be useful for making informed decisions, but the
actual decision support of this option is limited.
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2.1.2.2 Monetisation
Another option is to convert every of the previously mentioned aspects into eco-
nomic measures. Although this is a relatively common approach, it has drawbacks
because certain values cannot be easily converted into economic measures and this
may constrain their validity.
Environmental impacts In a survey among infrastructure managers in the
railway sector, monetisation was voted as the preferred option for combining
LCC and LCA, because of the clear dominance of cost factors in their decision-
making setting (MAINLINE 2014b). It furnishes results in a clear, simple, and
easy-to-understand manner.
The most simple monetisation method is the implementation of taxes, which are
applied for environmental burdens. Some countries for instance have introduced
a so-called ‘carbon tax’ in order to charge for Greenhouse Gas (GHG) emissions
at the source, when hydrocarbons are extracted (World Bank 2016). Other coun-
tries apply a pricing system for emissions in their energy market, through different
prices for renewable energy compared to energy from hydrocarbon sources, for in-
stance through feed-in tariffs or the Renewables Obligation Certificates (ROCs)
in the UK. Moreover, in the European energy markets, the Emission Trading
Scheme (ETS) applies, which - although its success is debatable - aims to reduce
emissions by making use of market forces. Globally, about 40 national jurisdic-
tions and over 20 cities, states, and regions (including seven out of the world’s
ten largest economies) are applying a price on carbon (World Bank 2016).
Another policy-driven approach for pricing environmental impacts, is the appli-
cation of charges for polluting the environment. This implies a price for pollution
and harming of the environment, which the polluter has to pay if the prescribed
limits are exceeded. One caveat of policy- or market-driven approaches is the
lack of an internationally agreed price level. Although methods to price car-
bon and other greenhouse gas emissions do exist, they vary significantly between
countries.
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From an institutional perspective, including LCA results into LCC is becoming
increasingly popular and/or required, especially in the EU: For example, the
EU public procurement directive for the water, energy and transport sector (EC
2014) specifies relevant costs that should be taken into account for a LCC, namely
acquisition costs, use costs (related to consumption of energy and other resources),
maintenance costs, end of life costs (i.e. collection and recycling). Also mentioned
is the need to include ‘cost imputed to environmental externalities linked to the
product, service or works during its life cycle, provided their monetary value can
be determined and verified’. These include costs of greenhouse gas emissions or
climate change mitigation costs.
Despite the absence of an internationally agreed price for carbon emissions, mon-
etisation approaches are being increasingly applied for industrial decision making.
According to the CDP report (CDP 2014), many companies already apply a price
for carbon for internal decision making. The majority of these see business op-
portunities in carbon pricing and some are actively engaging with policy makers
to support legislation that apply a price to carbon emissions.
When applying prices to environmental burdens, the ‘value’ of the environment
also needs to be determined, which is even more challenging than applying a price
for emissions. For example the value of a forest differs from the value of the sum
of its trees - which in turn differs from the price that would be paid for the wood.
Valuation should also take into account for example the value to the people who
‘use’ the forest for recreational activities or the ‘value’ of the biodiversity.
Another potential issue related to pricing is the discounting to present values,
which is generally done for LCC in order to account for the decreasing monetary
value over time. However, discounting of risk or environmental aspects is debat-
able (Lee & Ellingwood 2015), because it assumes a decreasing monetary value of
environmental resources, which is contrary to having a long-term environmentally
conscious perspective.
Health and safety risks As mentioned earlier, assessment of risks is often
coupled with costing exercises. For instance Bharadwaj et al. (2009) defined risk
in spares inventory management in monetary terms as the expected value of loss
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(i.e. the product of the likelihood of unavailability of a spare component and the
estimate of the respective financial consequences). Subsequently optimisation was
performed to find the optimum trade-off between the costs of a risk mitigating
measure and the expected costs of the risk without introducing that measure. The
approach was applied to a fleet of cargo ships, but could be extended to other
asset management optimisation problems for risk management approaches.
Further extension included assisting decision making by minimising risks in the
most cost-effective way (Bharadwaj et al. 2012), for example through support-
ing run-repair-replace decisions by prioritising maintenance actions for high-risk
components. The cost of the consequences of mechanical failure, triggered by
wear and tear of plant and machinery, were evaluated together with the costs
of maintenance actions to avoid such outages. In this way, it was possible to
determine the optimum timing of maintenance actions, focussing on high-risk
components.
Health and safety risks and environmental impacts It is also possible to
monetise both risk as well as environmental measures in the same model. This has
been demonstrated for example by Dong et al. (2013) to analyse the performance
of infrastructure network links, applied to bridge networks in a seismic-prone
region. They converted environmental, social and risk metrics into cost values in
order to support decision making about maintenance and retrofit activities.
Another example was published by Utne (2009), who modelled LCC of fishing
vessels, including environmental costs (focused on emissions of greenhouse gases
and acidification) and risk expenditures (focused on costs related to accidents),
amongst others. The full cost breakdown structure is provided in Figure 2.1. A
number of important points were raised, which concur with the issues mentioned
earlier:
• Calculation of costs related to fatal accidents and greenhouse gas emissions
are far more controversial than traditional cost-accounting.
• Discounting of costs that are intended to reduce the risks to life and health
implies ethical questions about the value of life and the environment in the
future, compared to today.
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• Costs of an event with very low probability but high consequence, such as
a serious accident, can become almost negligible in an LCC analysis.
Figure 2.1: Example of a cost breakdown structure for a fishing vessel, adapted
from Utne (2009). Not all cost categories are relevant in all types of analysis.
To summarise, monetisation is a popular approach, especially in an industrial
context where decision makers mainly base decisions on estimated costs and rev-
enues. Disadvantages of monetisation approaches include difficulties in quantify-
ing externalities and ‘non-quantifiable’ aspects, especially related to environmen-
tal concerns or fatalities. Moreover, applying a price and discounting risk and
environmental issues is a questionable strategy and solely focussing on costs po-
tentially decreases transparency about underlying sustainability issues and their
wider implications.
2.1.2.3 Multi-criteria Decision Analyses
MCDA provides a more flexible approach than monetisation and, therefore, can
be well suited for a holistic sustainability assessment. Even though it also uses
quantitative approaches, e.g. for evaluating performance or priorities, it provides
a higher degree of flexibility because not all aspects have to be converted to cost
factors. The merits and drawbacks of MCDA are discussed in greater detail in
Section 2.2.
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2.1.3 Treatment of Uncertainty
Uncertainty is treated differently in different ‘communities’, depending on avail-
able data, perception and understanding. The various types of uncertainty have
been introduced in Section 1.1.2.3. The focus of this section is on the treatment
of uncertainty for life cycle sustainability evaluation in different contexts, both
from an asset management perspective as well as from an environmentally driven
perspective. It includes a review of different approaches and highlights ‘good
practice’ and learning outcomes that are relevant for this research. The way un-
certainty is treated in the context of MCDA approaches is further discussed in
Section 2.2.2.
2.1.3.1 Asset management perspective
Uncertainty is a key issue from an asset management perspective and reasonably
well understood and clearly defined in the field. This is due to the fact that
asset management aims to evaluate risk quantitatively, which is inherently linked
with the presence of uncertainty. Approaches include probabilistic modelling and
updating of models.
A rich body of research on integrating uncertainty into life cycle asset manage-
ment approaches was published by Prof. Frangopol and his group at Lehigh
University, USA. They investigated the application of probabilistic concepts and
methods to civil and marine engineering, looking amongst others at performance
maintenance and management of structures and infrastructures under uncer-
tainty, as well as life cycle sustainability performance.
Even though Frangopol (2011) advocated promoting integrated probability-based
approaches for life cycle performance assessment, this was not consequently trans-
ferred to life cycle sustainability aspects. Instead his approach reflects the de-
velopment from a risk management perspective, where sustainability criteria are
viewed as social and environmental consequences associated with structural fail-
ures and thus integrated into the ‘consequences’ part of the risk analysis. This was
generally done in a deterministic way, either through monetisation (Dong et al.
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2013, Frangopol et al. 2014) or through multi-criteria approaches as discussed in
Sections 2.2.2.
As their research was focussed on maintenance of existing structures, their def-
inition of sustainability aspects differs slightly from the one highlighted in Sec-
tion 1.1.2. In evaluating bridges for instance, they included the costs of downtime
and fatalities for the social metrics and the costs of energy and carbon emissions
due to traffic detour in the environmental metrics. This narrow focus seems suf-
ficient in such a context; however, for the work presented in this Thesis, a wider
focus is judged as more appropriate.
2.1.3.2 Environmental / sustainability perspective
From an environmental or sustainability perspective, again, there is a tendency
towards probabilistic modelling, but there are less extensive data available on
which these models could be based. Modelling, as well as uncertainty evalua-
tion is rather achieved through the interplay between experts and data. Various
approaches for considering uncertainty have been presented in the past, some of
which are discussed in the following.
Analytic approaches for sensitivity analysis of LCA inventory data were presented
for identifying key parameters (e.g. Heijungs 2010); however, these were not yet
fully adopted in practice. In LCA, uncertainty is frequently assessed through
Monte Carlo analyses, which has the drawbacks of requiring sufficient computa-
tional power. If many input variables are varied independently of each other, the
computational time can quickly reach hours and days. More sophisticated sam-
pling strategies such as Latin hypercube sampling or response surface methods
provide improvements; however, instead Heijungs’ work was focused on analytical
error propagation, using Taylor series expansion. One advantage of this approach
is the possibility to quickly identify key parameters that contribute substantially
to the uncertainty of outputs and to focus further data collection effort on those.
Although Heijungs presented equations and a case study, it is not known to what
extent these have been implemented in practice.
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The effectiveness of different techniques for uncertainty analysis varies, depending
on the application. Groen et al. (2014) compared the application of sampling
techniques, such as Monte Carlo simulation or Latin hypercube sampling with
analytic and fuzzy approaches for uncertainty analysis of LCA. They found that
analytic approaches work best for linear models with small uncertainties in the
input parameters, whilst sampling methods on the other hand tend to lead to
quicker compilation of results and therefore more directly usable information.
Accordingly, they concluded that the convergence behaviour was dependent on
the case study.
Combining the use of LCA and risk models by aligning the two aspects better with
each other, appeared as a sensible approach, which could possibly be expanded to
make it applicable to the proposed MCDA approach, too. Cucurachi et al. (2016)
extended Heijungs’ approach further and proposed a protocol for global sensitivity
analysis of impact assessment models in LCA. This should help to understand
which model inputs are the most influential in determining the uncertainty of the
output of a model and hence where to focus efforts of obtaining additional data to
refine the inputs. The aim was not only to increase the trust in the models, but
also to foster the combined use by better alignment of these two aspects.
Another sensible approach in this context was proposed by Seager & Linkov
(2008), whose work was based around the field of nano-materials, a class of mate-
rials with particularly high uncertainties. They advocated to quantify uncertainty
in LCA of nano-materials in a hybrid approach, coupling scenario modelling with
probabilistic representation of the results. In scenario modelling specific parame-
ters and boundaries remain fixed, whereas others are varied and the outputs can
be represented probabilistically. Stakeholder preferences should be incorporated
as criteria weights in a stochastic way rather than using point estimates. Fur-
thermore, Seager & Linkov (2008) highlighted the value of coupling LCA with
MCDA approaches, which is further discussed in Section 2.2.
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2.1.3.3 Conclusion
Depending on the context and perspective of the analysis, various options exist
to account for uncertainty. The choice of approaches varies in different ‘commu-
nities’ and ranges from scenario analysis to a variety of probabilistic modelling
techniques. Since it will never be feasible (or even possible) to eliminate all el-
ements of uncertainty, it is extremely useful to understand which uncertainties
are most influential to the overall results and decision, so that further efforts of
model refinement or data collection can be targeted in the most effective way
(Linkov & Moberg 2011).
2.2 Multi-Criteria Decision Analysis (MCDA)
The need for integrated approaches to address sustainability holistically has been
pointed out by numerous studies over recent years, such as (Gluch & Baumann
2004, Lai et al. 2008, Liu et al. 2011, Taticchi et al. 2014). Monetisation has been
used in the past, but it has limitations, as discussed in Section 2.1.2.2. The value
of approaching this problem with the help of Multi-Criteria Decision Analysis
(MCDA) is discussed in this section.
The different sustainability aspects, such as LCC, risks and environmental im-
pacts, can be combined systematically by using MCDA methods. MCDA ap-
proaches provide formalised methodologies to identify optimum solutions consid-
ering preferences of decision makers and stakeholders (Linkov & Moberg 2011).
MCDA allows quantitative, semi-quantitative or even qualitative assessment, so
long as stakeholders are able to express preferences between alternatives with
respect to the chosen criteria (Linkov & Seager 2011). Furthermore, probabilistic
tools or fuzzy values can be used to factor in uncertainty.
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2.2.1 Overview and Methods
2.2.1.1 MCDA vs. MOO
A distinction needs to be drawn between multi-objective decision making or op-
timisation MOO on the one hand and multi-criteria decision analysis MCDA or
support on the other hand, as depicted in Figure 2.2.
Figure 2.2: Principle of Multi-Objective Optimisation (MOO) (left, Mansouri
et al. 2015) and Multi-Criteria Decision Analysis (MCDA) (right)
Decision making or optimisation involves tuning of parameters, in order to ar-
rive at one optimal solution, often determined from an infinite set of possibilities
through application of computational algorithms. This is depicted by the surface
diagram on the left of Figure 2.2, with a Multi-Objective Optimisation (MOO)
for the three parameters cost, service level and Carbon Dioxide (CO2). The op-
timum solution for a decision maker facing a multi-objective optimisation prob-
lem is often not straight-forward and may not even exist (Turskis & Zavadskas
2011).
However, MOO is not the focus of the research presented here. Instead this work
is about decision support approaches, which deal with a finite set of alternatives
with given attributes, as depicted on the right hand side of Figure 2.2. The
aim is to identify the ideal option under the given constraints and priorities of
the decision maker. Therefore, it is important to understand which attributes
are relevant to the overall goals and objectives and to present the respective
data to the decision maker(s) in a way that allows them to undertake a rational
assessment, understand trade-offs and justify their decision based on the given
information. In this way MCDA facilitates the systematic evaluation of different
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options regarding a number of criteria and thus to identify a preferred option or
a ranking.
2.2.1.2 Background and Types of MCDA
Since the first formal decision theory for MCDA by Keeney & Raiffa (1976), a
large number of tools and techniques have been developed and applied in different
contexts. This section attempts to provide a concise overview. For a more in-
depth introduction to MCDA approaches, the reader is referred to textbooks,
such as Belton & Stewart (2002), Kahraman (2008), Linkov & Moberg (2011), or
review articles, such as Lahdelma et al. (2000) or Wang et al. (2009).
The given alternatives with their different criteria can be expressed with the aid of
an m×n decision matrix as in Equation 2.1, where xij is the performance measure
of the ith alternative on the jth criterion, m is the number of alternatives and n
is the number of criteria. Depending on the chosen MCDA method, weighting
factors wj may be applied to weigh the importance of the respective measure Bj
to prioritise criteria.
measure B1 B2 · · · Bn
(weights w1 w2 · · · wn)
alternatives
X¯ =
A1
A2
...
Am

x1,1 x1,2 · · · x1,n
x2,1 x2,2 · · · x2,n... ... . . . ...
xm,1 xm,2 · · · xm,n
(2.1)
An overview of the currently prevalent MCDA methods and their application
in environmental management was presented by Linkov & Moberg (2011), who
introduced Multi-Attribute Utility Theory (MAUT), Analytic Hierarchy Process
(AHP) and Outranking models as the three basic categories. Moreover, fuzzy
approaches can be a valuable extension for any of these methods.
Multi-Attribute Utility Theory (MAUT) (or MAVT which stands for
Multi-Attribute Value Theory and is often used interchangeably) translates dif-
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ferent units into a common utility or value to allow comparison. Additionally the
importance of each criterion is scored in comparison to the others. The definition
of the value function for each criterion is the critical step in the decision making
process. The level of utility or value derived from the evaluated performance has
to be defined for the different criteria. This may be described through a simple
linear function or other more complex mathematical functions, depending on the
criterion (Linkov & Moberg 2011). The final utility or value for each alternative
is generated by aggregation, most commonly through additive or multiplicative
aggregation (De Montis et al. 2004). MAUT was judged as a powerful method,
given a rational and well informed decision maker (Linkov & Moberg 2011).
Analytic Hierarchy Process (AHP) was first developed by Saaty (1980).
Instead of absolute comparisons as in MAUT, AHP requires pairwise comparison
for each criterion, including relative weighting of importance, at the data entry
stage. The decision maker provides relative judgements about the scoring of the
alternatives for each criterion, such as ‘alternative A is much better than alter-
native B’ and the weighting of the criteria against each other, such as ‘criterion
A is slightly less important than criterion B’ (Linkov & Moberg 2011).
These linguistic judgements are translated into the AHP equivalent of weights
through converting into a final numerical value between 0 and 1 (Cinelli et al.
2014). It is possible to capture inconsistencies of the decision maker through data
analysis by calculating the consistency index. An extension of AHP is the Ana-
lytic Network Process (ANP) which is capable of dealing with inter-dependencies
between criteria (Bu¨yu¨ko¨zkan & C¸ifc¸i 2012).
Outranking Outranking also applies pairwise comparison but with the aim to
rank alternatives accordingly. The purpose is to identify options that outperform
or dominate the others. Performance in one criterion is ranked independently
of the performance in other criteria (Belton & Stewart 2002). It is partially
compensatory, because an alternative that shows superior performance on one
criterion can potentially outweigh poorer performance on a different criterion
(Linkov & Moberg 2011).
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Fuzzy MCDA Fuzzy set approaches may be used with any of these meth-
ods to better capture qualitative and imprecise data (Belton & Stewart 2002).
Relevant examples of fuzzy MCDA approaches were presented for example for en-
ergy planning (Kaya & Kahraman 2011), sustainable manufacturing (Singh et al.
2014) and for selection of sustainable materials (Akadiri et al. 2013, Mayyas et al.
2016). A comprehensive collection on examples using fuzzy MCDA was published
by Kahraman (2008).
2.2.1.3 Choice of MCDA
Generic guidance for making an informed choice about the most suitable MCDA
approach in a given context is available (see e.g. Cinelli et al. 2014, Kurka &
Blackwood 2013, Rowley et al. 2012). Kurka & Blackwood (2013) proposed guid-
ance for the selection of a suitable Multi-Criteria Analysis (MCA) method in
general: The process should consist of the development of appropriate criteria,
a pre-selection of MCA methods and scoring of the pre-selected methods against
the selection criteria. In fact, it could be argued that they suggested to apply
an MCDA method in order to choose an MCDA method. In any case, the list
of criteria they found relevant for the MCA method selection can be judged as
valuable. It comprises of
1. Measures to deal with uncertainty,
2. User-friendliness and flexibility - considering options for adaptation and
re-evaluation,
3. Transparency and communication - to facilitate stakeholder comprehension
and acceptance,
4. Multi-stakeholder inclusion - ease and feasibility.
When choosing an MCDA method, it is important to make an informed decision,
with the approach tailored to the specific decision situation and not vice-versa.
However, in contrast to this, Cinelli et al. (2014) found in their review of the
most popular MCDA methods for sustainability assessment that familiarity with
a certain method tends to be the most important driver for the selection of an
MCDA method. Moreover, when Rowley et al. (2012) presented the theoretical
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implications of the choice of MCDA method, they stressed the fact that the very
choice of aggregation method in MCDA introduces subjectivity into the analysis.
Thus, in order to identify the most appropriate method, they proposed a number
of sequential steps, which include
1. Identification of the decision maker(s) and holistic representation of their
values
2. Definition of the decision process objective(s)
3. Definition of the decision alternatives
4. Selection of the evaluation criteria
5. Comparison of the alternatives on the basis of each criterion
6. Establishing the relative importance of criteria
In doing so, they also discussed factors such as compensability, alternatives for
normalisation and scaling and different types of weighting schemes.
Sometimes a number of MCDA methods are carried out which may lead to dif-
ferent preference rankings, whose results can be aggregated. This can be done
by voting or through mathematical aggregation, either with or without involve-
ment of the decision maker as discussed in more detail by Wang et al. (2009).
Whether this is applicable depends on the decision context and the type of data
available.
2.2.1.4 MCDA Framework
A highly relevant framework for the sort of problem addressed in this research, was
published by Linkov & Seager (2011). They advocated the use of an ‘integrated
system approach to environmental health and safety’ for emerging threats related
to new technology and material development. In this context they proposed an
MCDA framework taking a life cycle perspective, as depicted in Figure 2.3.
In their work, the MCDA approach provided the framework to integrate the
different criteria (e.g. from RA and LCA) and relate them to the specific decision
problem. Linkov & Seager (2011) highlighted the fact that RA and LCA typically
provide absolute results, as opposed to MCDA, which is generally used for relative
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Figure 2.3: Combined RA, LCA and MCDA framework for making decisions
about emerging risks (Linkov & Seager 2011)
assessments. Two application cases were described, namely nano-manufacturing
and management of contaminated sediments.
MCDA has many advantages, but it has also been criticised as vulnerable to sub-
jective biases. It allows for inclusion of the perspective of different stakeholders
by capturing their (potentially conflicting) priorities through the weights applied.
Different stakeholders may have conflicting objectives and priorities, depending
on their responsibilities, and these may change over time. However, it is possi-
ble to analyse the weight sets from different stakeholders separately, and thus to
investigate the effect of subjective weighting.
Overall, the MCDA framework proposed by Linkov & Seager (2011) can be judged
as useful to better understand complex systems and to integrate the perspectives
of divergent stakeholders, especially in cases when uncertainty is high. However,
the integration of LCC is omitted and formal integration of uncertainty is not
very strong, as discussed in more detail in the following section.
2.2.2 Treatment of Uncertainty
There is a rich body of literature about the treatment of uncertainty in MCDA
in general (e.g Durbach & Stewart 2012, Antucheviciene et al. 2015). The focus
of this section is not to present every possible option, but to provide a focussed
review about the techniques that are common in the context of life cycle sustain-
ability evaluations. Scenario analysis and probabilistic analyses are reviewed first
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in the section below, followed by a review of fuzzy approaches in the subsequent
section.
2.2.2.1 Scenario Analysis and Probabilistic Analysis
Uncertain input data can have a significant effect on the results of an MCDA
approach and should thus be considered explicitly: Troldborg et al. (2014) sys-
tematically evaluated the effects of uncertain inputs on the results of a MCDA
for ranking renewable energy schemes. Initially, the results were calculated for
deterministic inputs. Subsequently the inputs were modelled as triangular distri-
butions, using best estimates, minimum and maximum values for the performance
on each criterion. Monte Carlo simulation was applied and the results statisti-
cally analysed by generating histograms for the probability of each rank. These
showed indeed a high variability for some of the results, which stresses the bene-
fits of carrying out such analysis in order to generate an understanding about the
variability. The study was limited to addressing the uncertainty associated with
the input data. In the future, the authors intend to investigate the uncertainties
associated with the weights and parameters of the preference function. However,
it can be argued that these are inherently subjective, rather than uncertain. Ac-
cordingly, a thorough methodology should account for this by highlighting the
influence of different subjective priorities.
In the context of using MCDA for life cycle sustainability evaluations, MAUT
approaches were identified as useful for transferring different attribute values into
a common scale. One example is the work of Prof. Frangopol and his group at
Lehigh University, USA, which has been introduced in Section 2.1.3. Apart from
monetisation of social and environmental metrics, they used a MAUT approach to
transfer various attribute values into a uniform scale. Uncertainty was considered
through factoring in the probability of the occurrence of an event (Frangopol et al.
2014).
The combination of risk analysis and life cycle assessment through MCDA, whilst
integrating uncertain information is seen as an important field of research; how-
ever, it is lacking detailed information and good practice examples. The approach
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proposed by Linkov & Seager (2011) has been introduced in the previous section
(see Figure 2.3). They attempted to integrate uncertain information by exploring
all feasible weighting sets stochastically, resulting in a probabilistic rank ordering
of the alternatives depending on the stakeholder or the decision making group.
However, even though the concept and rational were introduced, not many details
were given about the methodology or the results.
Probabilistic MCDA approaches can furthermore be combined with other deter-
ministic types of approaches, such as scenario analysis. One example for this
was presented by Reichert et al. (2015), who distinguished between objective
and epistemic interpretations of probability, with objective interpretations refer-
ring to human-independent sources and epistemic interpretations for probabilities
that quantify human knowledge or belief. This is comparable to the distinction
made earlier (Section 2.1.3) by Ang & Tang (2007). Again, they promoted the
use of MAUT or Multi-Attribute Value Theory (MAVT) methodologies, as these
are based on a minimal set of assumptions and leave a high degree of freedom
to the decision maker or stakeholder for integrating their priorities and beliefs.
Uncertainty can be considered explicitly through scenario analyses (see further
details in Scholten et al. 2014) and sensitivity analyses of the ranking derived
from the utility function.
Another example for the combination of a probabilistic approach with scenario
analysis was given by Linkov & Moberg (2011), based on Canis et al. (2010).
MCDA was used for selecting optimal nano-manufacturing technology and trian-
gular distributions were applied to reflect the uncertainties associated with the
performance of the different options. The center value (most likely) was based on
literature values and the width of the distribution was chosen dependent on the
uncertainty associated with that value, i.e. the higher the uncertainty the wider
the distribution. The results showed a probabilistic rank ordering of preferred
processes, which were analysed separately for different interest groups, basically
by means of a scenario analysis. This helped to identify the options that were
most and least valued by all stakeholder groups and to prioritise efforts for future
research.
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2.2.2.2 Fuzzy Approaches
A different approach for integrating uncertainty into MCDA is by using fuzzy ap-
proaches, which can also help to provide quantitative values for measures that are
not necessarily easy to quantify. One clear example was presented by Pask et al.
(2016), who proposed a hybrid MCA using fuzzy set theory and Monte Carlo sim-
ulation for evaluating the sustainability of alternative improvement options for
industrial ovens. They chose the measure of ‘desirability’ of the different options
and incorporated uncertainty by assigning fuzzy numbers to the weighting factors
derived from expert elicitation and translating these into triangular membership
functions. Subsequently, a MAUT approach was applied and Monte Carlo simu-
lation was executed so that the desirability of each option could be described in
terms of mean, standard deviation and variance and the different options were
ranked accordingly. Presentation of the results in the suggested manner shows not
only the desirability of the different options but also the uncertainties involved
in a clear and easy to understand way for the decision maker.
The MCDA technique that is most commonly used with fuzzy numbers is AHP
(Kahraman 2008). Biju et al. (2015) for instance presented an evaluation of cus-
tomer requirements and sustainability requirements for product development, by
using fuzzy AHP. They assessed sustainability and customer requirements sepa-
rately, in order to account for the importance of both factors equally. However,
it might be more sensible to identify a suitable set of criteria that represent both
sustainability as well as customer requirements together in the first place.
Ocampo & Clark (2015) applied a simulation-based fuzzy ANP approach for the
development of a sustainable manufacturing strategy. They proposed a hybrid
method, using ANP for problem structuring, fuzzy set theory to capture vague-
ness and probability theory to handle the randomness in group decision making.
In this way they were able to align goals related to competitiveness and sus-
tainability with stakeholders’ considerations. Unfortunately no computational
examples or numerical results are included in this paper, which reduces compre-
hensibility and reproducibility of the outlined methodology.
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Fuzzy approaches can provide a useful addition to MCDA approaches, in partic-
ular for capturing uncertainty. However, they are not necessarily very intuitive
and thus require a good methodological understanding by the user, in particularly
about the scales that are applied. Additionally, they also require a deep level of
understanding about the underlying data, in order to assign appropriate fuzzy
numbers, reflecting the degree of membership. If this is not the case, estimates
are still required, but fuzzy approaches generally do not provide any measure
about the confidence in the values.
2.3 Application in the Shipping Sector
2.3.1 Life Cycle Approaches
This section presents life cycle approaches that have been applied in the shipping
and ship building sector. Many studies focussed on the life cycle risks associated
with shipping, but some LCC and LCA studies have also been published. A
summary and learning outcomes from each of the individual aspects is presented
in the following sections.
2.3.1.1 Life Cycle Costs (LCC)
The value of using LCC approaches is palpable. The American Society of Naval
Engineers (ASNE) and the Society of Naval Architects and Marine Engineers
(SNAME) for instance explicitly recommend the use of LCC approach for naval
surface ships. They have also argued that cost estimates at an early stage are gen-
erally not accurate and therefore uncertainty should be considered, e.g. through
ranges rather than point estimates. LCC should be integrated into engineering
decision making, with a number of stakeholders sharing responsibility to provide
best estimates (ASNE/SNAME 2011).
A summary of relevant LCC studies in the shipping sector is provided in Table 2.2.
Studies have been done on different sized vessels, from small ferries and high
speed crafts up to large tankers, i.e. Very Large Crude Carriers (VLCCs), with
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Table 2.2: Overview of LCC studies in the shipping sector
High speed ferry High speed craft Ro-Ro vessel Ro-Pax vessel Eco-Island
ferry
Fishing vessel VLCC
Length 128m 24m 200m 188m 31m 61m 330m
Country Finland/Sweden Sweden Sweden Sweden Sweden/Denmark Norway Japan
Service life 25 20 35 25 20 20 20
Materials 1. Conventional
steel hull +
aluminium su-
perstructure, 2.
All aluminium,
3. All composite:
sandwich material
with carbon fibre
faces
1. Aluminium,
2. Composite:
Sandwich with
glass/vinylester.,
3. Composite:
Sandwich with
carbon/vinylester.
1. Steel (grade A),
2. Aluminium al-
loy: EN-AW-6082
T6
1. Steel, 2.
Composite:
Sandwich with
glass/polyester
and balsa wood
core, 3. Com-
posite: Sand-
wich with
glass/polyester
and PVC core
1. Steel, 2. Com-
posite: Fibre re-
inforced polymer
(FRP)
Conventional steel 1. Conventional
steel, 2. High ten-
sile steel
Major as-
sumptions
Some costs or
energy elements
which are iden-
tical or similar
are not taken
into account
(e.g. outfitting,
electrical power,
crew wages,
administration)
Composite hulls
assumed to have
the same value
after 20 years of
service as when
they were new
Focus on super-
structure (=lower
initial costs, no
maintenance in-
cluded), weight
savings used to
increase payload
Focus on super-
structure (=lower
initial costs, no
maintenance in-
cluded), weight
savings used to
increase payload
Cost elements like
salaries not taken
into account. Op-
erational time is
set to 20 years,
even though ex-
pected life time is
30-40 years
Different cost el-
ements described,
but no results pro-
vided for specific
case study appli-
cation
Building cost =
2/3 of LCC and
maintenance cost
= 1/3 (no further
reference)
Discounting CP & PV CP & PV CP & PV CP & PV CP & PV CP & PV NA
Env / risks NA NA NA LCA (separate
study)
LCA (separate
study)
Monetisation of
emissions and
accidents
NA
Reference (Burman et al.
2006)
(Olofsson 2009,
Hedlund-A˚stro¨m
2009)
(Gylfe & Hjulba¨ck
2009, Hedlund-
A˚stro¨m 2009)
(So¨kjer-Petersen
2009, Hedlund-
A˚stro¨m 2009)
(Lindqvist 2012) (Utne 2007, 2009) (Kumakura &
Sasajima 2001)
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varying operational time. The majority of studies was carried out in Scandinavian
countries, especially Sweden. Generally these are research studies, supported by
data from shipyards.
In the majority of cases, the studies served to compare different material options,
such as conventional steel, aluminium or different composites. In every case
there are some major assumptions, especially related to the scope of cost factors
included. In particular for comparative studies, often certain aspects that are
assumed to be equal for all options are excluded. Most studies included Current
Prices (CPs) as well as Present Values (PVs) (i.e. the discounted value, to factor
in the decreasing monetary value over time), but not all of them provided details
about the discount rates. Some studies not only looked at cost factors, but
also evaluated LCA or risk factors. However, in case of providing LCA data,
no integration with LCC was presented. Instead, both aspects were generally
evaluated separately of each other (see So¨kjer-Petersen 2009, Hedlund-A˚stro¨m
2009, Lindqvist 2012, Schmidt & Watson 2014). The only study that did consider
LCC, environmental impacts and risks (through accidents) together, did attempt
an integration through monetisation, however unfortunately very little detail and
no case study specific results were provided (see Utne 2007, 2009). The most
relevant learning outcomes from the available LCC studies are summarised in the
following.
Burman et al. (2006) presented a LCC study for high speed ferries. They inves-
tigated the impacts of using different material options with regard to LCC and
energy consumption. The most lightweight option was found to be most econom-
ical, due to the general dominance of operational costs, especially with regard to
fuel consumption. A schematic distribution of the costs incurred throughout the
ship’s life cycle is provided in Figure 2.4. The assessment was done in a com-
parative way, focusing more detailed calculations on the cost factors that change
according to the material choices. The relative distribution of costs between the
different life cycle stages can be judged as representative for similar ship types, but
the exact numbers are heavily dependant on context specific assumptions.
Further LCC studies on using composites for the hull or the superstructure of
ships were presented by Hedlund-A˚stro¨m (2009), as part of the Swedish research
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Figure 2.4: Schematic distribution of LCC for high speed ferries (diagram
adapted from Burman et al. 2006)
project ‘LASS - Lightweight Construction Applications at Sea’. The aim of the
project was to develop and demonstrate practical techniques for using lightweight
materials for ship construction. Key issues of using composites were discussed,
in particular concerns related to fire safety.
A more recent LCC analysis on ferries was conducted by Lindqvist (2012). The
project investigated the design of a light-weight‘Eco-Island ferry’ (Figure 2.5),
based on composites materials, in comparison to an existing conventional steel
ferry. A similar trend was found as by Burman et al. (2006): The higher initial
costs of the composite solution were offset by significantly lower operational costs,
due to fuel savings. This was despite the fact that in this case the proportion
of initial costs compared to operation and maintenance costs was clearly higher
(which is presumably due to the differences in scale and speed of the two vessels).
A detailed LCA study was also conducted, as discussed in Section 2.3.1.2.
Other LCC studies on steel vessels were published by Utne for fishing vessels
(Utne 2007, 2009) and for VLCCs, (Kumakura & Sasajima 2001). Both studies
provide some interesting details about the relationship between certain cost fac-
tors, however neither of them published the full LCC results of a case study.
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Figure 2.5: Eco-Island Ferry (Lindqvist 2012)
2.3.1.2 Environmental Impacts
Some studies also attempted to assess environmental aspects over the ship life
cycle, with data availability and/or transparency often being a limiting factor. A
comparative LCA of part of a ship was performed by Burman et al. (2015) to
investigate the environmental impacts of different material options to be used in
the hull of a high speed craft. The flowchart for the composite hull is depicted
in Figure 2.6. Similar to the LCC studies, they found the fuel consumption
in the operational stage to have the highest impacts and hence the most light-
weight material concept to be the most favourable one. This clearly offsets the
somewhat higher impacts at the initial stage. Unfortunately, only aggregated and
normalised results were presented. Raw inventory data, which would have been
of interest for further detailed analysis, was not provided.
Figure 2.6: Composite hull life cycle flowchart (Burman et al. 2015)
The limited data transparency was particularly encountered for studies that
aimed to combine cost and environmental data. For example, Koch et al. (2013)
extended ship production simulation tools to assess retrofitting activities. Within
this scope they not only analysed the costs but also the environmental perfor-
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mance over the whole life cycle. To achieve this they extended existing tools for
shipyard production simulation with LCA add-ons and generic LCA tools with
a ship-specific LCA tool, respectively. LCA flow data was included in the simu-
lation program and fed into the LCA tool, together with cost variables. Again,
data collection was acknowledged as a crucial, but challenging task. In this case,
shipyard specific data was combined with LCA data from the Ecoinvent database.
Unfortunately not much information was provided on the actual integration of
the tools or quantitative results.
However, more details about the underlying LCA study and the case study of
a Ro-Ro ship (as depicted in Figure 2.7) were presented in Hedlund-A˚stro¨m
(2009) and Blanco-Davis (2015). The functional unit was chosen as ‘transport of
goods, measured in t km’. Impact categories included global warming (emissions
of mainly gases as CO2 and Methane (CH4), resulting in increased greenhouse
effect, i.e. increased temperature and climate change), acidification (emissions
of Sulfur Oxide (SOX)), Ammonia (NH3) and Mono-Nitrogen Oxides (NOX), re-
sulting in acid rain threatening fresh water organisms, marine life and woods) and
abiotic depletion (natural resource depletion). Those were chosen, because they
are related to fuel consumption, the main contributor to the LCA results.
Figure 2.7: Ro-Ro passenger vessel at dry-dock in shipyard (Blanco-Davis 2015)
An example for a joint use of LCC and LCA in the maritime sector was pre-
sented by Kjær et al. (2015): Rather than performing LCC and LCA studies
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in parallel and trying to combine their results at the end, this study used the
same - financial - inventory data for both. Environmental Input-Output Analysis
(EIO) was applied to perform a quick screening and identify environmental hot
spots. In contrast to the traditional detailed bottom-up LCA approaches, the
analysis was done top-down. Hence, it was capable of capturing impacts of the
whole supply chain, but provided much less detailed results than conventional
LCA studies. Moreover, the results focused on CO2 emissions only and did not
take any other environmental impacts into account. They did however provide a
good understanding about the relationship of cash flows to carbon footprint. For
instance, fuel consumption currently accounts to 36 % of the LCC, but 89 % of
carbon emissions. Analyses like these can be judged as very valuable for informing
sustainable decision making. However, even though LCC and LCA results were
based on the same financial inventory data, no explicit integration was performed
as part of this study, neither were risk aspects considered.
Another example stressing the limited data transparency in the field of LCA
for shipping, is the study published by Jeong et al. (2015). They developed
a methodology to assess the environmental impacts of manufacturing composite
boats by means of LCA. However, neither the description of the methodology nor
the result section provided sufficient detail to draw any conclusions transferable
to the research project described in this Thesis.
A more positive example with regard to detail and transparency, was the de-
tailed LCA study of the Eco-Island ferry project (introduced in Section 2.3.1.1
and Figure 2.5). Results presented by Schmidt & Watson (2014) reiterated the
dominating impact of the fuel consumption in the operational stage and therefore
the better performance of the light-weight composite ferry. The study also fea-
tured a sensitivity analysis, investigating the impact of factors such as assumed
ferry life time or end of life scenarios. Again it was found that the majority of
most impacts were related to the activity of diesel combustion and hence most
sensitive to variation of this factor, as opposed to any of the other inputs.
Most of the studies agreed that the vast majority of environmental impacts of
shipping are generated in the Operation and Maintenance (O&M) stage through
burning the fuel (Hedlund-A˚stro¨m 2009, Schmidt & Watson 2014, Kjær et al.
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2015, Blanco-Davis 2015, Burman et al. 2015). Even when all other indirect
emissions are included in the analysis, fuel related emissions still exceed the other
stages by several orders of magnitude. Accordingly, it was concluded that the
lightest hull showed the highest reduction in fuel consumption and hence the
lowest environmental impacts over the life cycle (Burman et al. 2015).
On a slightly contrasting note, Gratsos et al. (2009) published a study that
demonstrated that a heavier, more robust ship may have its advantages too.
They argued, that reducing susceptibility of corrosion does not only lead to higher
safety and lower LCC, but could also lead to a reduction of CO2 emissions over
the ship’s lifetime. Their study again showed, that all the different factors need
to be carefully evaluated in order to provide a complete picture.
2.3.1.3 Risk Management
Risk in shipping is generally covered through regulations, that aim to reduce the
risk of failures, and associated health and safety risks. Rules and regulations for
ship design that are concerned with safety issues are specified by the International
Maritime Organization (IMO) in the Satety of Life at Sea (SOLAS) (IMO 2011b).
National authorities (the flag state) provide safety regulations based on these
IMO codes and assess the ship design accordingly before giving the permission to
sail. Generally the flag state uses a classification society (e.g. DNV GL, Lloyds
Register, Bureau Veritas) to assess the safety related aspects of the ship structure.
There is increasing interest among classification bodies in the use of risk-based
approaches for inspection and maintenance, in contrast with the conventional
time-based approach, in ship asset management and in general (Bharadwaj &
Wintle 2011).
SOLAS specifies that ‘the hull, superstructures, structural bulkheads, decks and
deckhouses shall be constructed in steel or equivalent materials’ (IMO 2002a).
From 2002, an updated regulation ‘Alternative design and arrangements’ (IMO
2002b) allowed to deviate from the earlier prescriptive rules, if fire safety objec-
tives and functional requirements are met. However, no measure of safety level is
explicitly defined in SOLAS. Therefore, it is necessary to demonstrate the safety
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of new designs, but also to develop a methodology to prove safety equivalence
with traditional prescriptive-based design (Hertzberg 2009).
2.3.2 Multi-Criteria Decision Analysis (MCDA)
Very little has been reported about the application of MCDA in the shipping sec-
tor for combining different life cycle aspects. In their review about multi-objective
decision support for enhancing environmental sustainability in shipping Mansouri
et al. (2015) found that even though there was a growing interest on environmen-
tal and sustainability issues in shipping, this has not yet been fully integrated
into decision support systems, using Multi-Objective Optimisation (MOO).
Mansouri et al. (2015) found no research that addressed the overlap between
decision support, MOO and environmental sustainability. They did however ap-
preciate the value of this and foresaw the next generation of decision support
systems to incorporate such capabilities. Furthermore, they stressed the impor-
tance of making use of different types of available data from various sources, close
interaction with stakeholders and a proper handling of uncertainty. It has to be
noted that their focus was on MOO rather than MCDA.
One example from the shipping sector combining LCC and RA through a MOO
approach is the study presented by Soliman et al. (2015), which has been in-
troduced in Section 2.2.2. The MOO approach was used to schedule inspections
and maintenance actions, taking into account LCC, failure costs and service life.
This was applied to a specific ship detail (a joint under fatigue deterioration).
The tri-objective optimisation modelling determined the Pareto-optimal solution
set (see Figure 2.8). In order to derive at a final distinct result, two criteria have
to be fixed by applying thresholds, to minimise the third criterion. This can
be judged as slightly impractical. However, two of the three criteria are already
provided as cost values. Hence it might be more meaningful to combine them, to
reduce the problem to a two- dimensional optimisation. Alternatively, it could
be valuable to apply a formal MCDA approach, which helps to determine an
optimum solution by factoring in weights between the criteria.
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Figure 2.8: Pareto-optimal solution set for maximising the expected service life,
minimising the life-cycle intervention cost, and minimising the expected cost of
failure (Soliman et al. 2015)
It has to be noted that the study presented by Soliman et al. (2015) is concerned
with MOO rather than MCDA (refer to Section 2.2.1.1 and Figure 2.2). MOO is
a suitable approach if different parameters can be adjusted and a global optimum
is sought. However, the focus of this Thesis is on MCDA, where options with
given attributes are evaluated against each other by understanding options for
integration and trade-off of these attributes.
Another application of MCDA was presented by Utne (2008), who evaluated
different classes of different sized fishing vessels in relation to a number of sus-
tainability attributes. Attributes included aspects such as profitability, GHG
emissions and accident risk, among others. The MCDA method AHP was ap-
plied in interviews and questionnaires with stakeholders, to determine weights
and a ranking for the different sustainability attributes. AHP was found to be a
suitable method to support the stakeholder elicitation and to facilitate commu-
nication about sustainability performance, even though in some cases the con-
sistency requirements of the AHP method were not met entirely. Amongst the
criteria considered, ‘accident risk’ was valued as most important by most stake-
holders. The delivered valuable insights about key attributes from an operational
perspective, but did however not apply a life cycle perspective. Life cycle data of
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the sector was published in other studies (see Utne 2007, 2009) and it would be
interesting to use this data in addition to the data presented in this study.
2.4 Conclusions of the Review
Different life cycle approaches have been reviewed in Section 2.1, that are com-
mon for evaluating costs, environmental impacts or risk, respectively. On their
own, they can provide valuable insights, but in order to address sustainability
holistically, they need to be combined properly.
Monetisation approaches can be useful for doing so, however they do have their
shortcomings especially when aiming to monetise the value of biodiversity or
human health. In view of those drawbacks, MCDA approaches were proposed,
which have been introduced in Section 2.2.
The application of these approaches in the shipping sector has been reviewed in
Section 2.3. A number studies covering LCC, LCA or risk aspects have been
published, however integration of all these aspects appeared to be very limited
and none of the studies combined LCC with risks and/or environmental aspects
by using an MCDA framework.
This gap can be partly explained by the fact that interests of various stakeholders
differ throughout the life cycle. Armstrong & Banks (2015) analysed different
types of stakeholders in ship operation and their associated performance goals
and found that responsibilities are not well aligned. Consequently they called for
better communication and clear benchmarking, training and reporting, to support
integrated systems thinking. This is again focussed on the operational stage, and
gets even more challenging when looking at the whole life cycle, including the
production and end of life stage.
There is a caveat that MCDA results may not be transparent or meaningful
enough for decision makers that are used to economic measures or for accom-
modating stakeholders with distinctly different perspectives. Combining costing
values with sustainability evaluation requires clear communication about the over-
all performance and the contribution of the different elements. It can be argued
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that MCDA is able to deliver exactly this, if used in an intelligible and transpar-
ent way. Moreover, it offers opportunities to investigate the influence of different
stakeholders systematically.
Therefore, an attempt to address these concerns in an explicit and clear way is
presented in the following chapters of this Thesis. One important observation by
Reichert et al. (2015) cannot be emphasised enough: The implementation of any
MCDA approach or tool is intended to support and not to replace an appropriate
expert elicitation and stakeholder engagement.
Another challenge, which has been mentioned numerous times, is the limited
availability of data, the different types of data and the uncertainty attached to
the data. Diverse and substantial uncertainties are associated with the inputs of
life cycle evaluations and consequently the output values. Therefore, the merit of
considering these uncertainties explicitly has been pointed out (See Section 2.1.3
and Section 2.2.2). Options to address this include scenario-based, probabilis-
tic and fuzzy MCDA approaches. Of these, scenarios-based approaches are the
simplest, whilst fuzzy approaches require a sound methodological understanding
as well as sufficient data. Given the limited data availability, probabilistic and
scenario-based approaches were consequently judged as more suitable.
One advantage of using MCDA is that it provides a high degree of flexibility for
incorporating sensitivity and uncertainty evaluations. The main aim of sensitivity
and uncertainty analyses is to provide a good understanding about the variability
of the results and the sensitivity to additional or updated data or circumstances.
It is intended to identify the most relevant aspects in the decision process and to
ascertain whether additional research efforts might help in reducing uncertainties
involved and, if that is the case, to target such efforts most effectively. Therefore,
it is expected that MCDA can indeed provide a very suitable approach to address
the challenges outlined above.
Consequently, the aim of the research presented in this Thesis is to apply MCDA
approaches to enable systematic decision support in the shipping sector, consid-
ering sustainability aspects over the whole life cycle. This is done by combining
LCC approaches with the assessment of life cycle risks and environmental im-
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pacts through MCDA and considering sensitivity and uncertainties explicitly.
Using these established approaches in a novel way will enable better informed
decision making in the shipping sector through a clear understanding of key is-
sues, trade-offs and long-term performance associated with the specific choice of
material.
Chapter 3
Methodology
‘A problem well structured is a problem half solved.’
(Belton & Stewart 2002)
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3.1 Introduction
As outlined in the previous chapter, a variety of life cycle approaches is available,
which focus on different aspects, such as costs, risks or environmental impacts.
In order to provide rational support about the most sustainable material choices,
a holistic evaluation of those aspects is required. Furthermore, key aspects need
to be combined in a systematic and transparent way that provides the decision
maker with a sound basis for their decisions.
An approach has been developed to provide multi-criteria decision support for
sustainable material selection. The novelty lies in the combination of very dif-
ferent sustainability aspects in one coherent framework. This supports sound
and well-informed decision making about the most sustainable materials, taking
a life cycle perspective. Moreover, uncertainties have been considered explicitly
in order to support the multi-criteria approach and provide decision makers with
increased confidence about the most likely range of results.
The generic framework and the methodological aspects for its implementation
are presented in this chapter. The application of those aspects to the case study
in the shipping sector is described in detail in the subsequent chapter. Both
chapters are structured in the same way: for every one of the five main sections
in the Methodology chapter there is a corresponding section in Chapter 4, which
provides the details about the application of the methodology.
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3.1.1 Generic Framework
A generic framework was initially developed in order to provide guidance for
structuring a multi-criteria decision process in a systematic way. The sequence of
steps includes context identification, data collection, evaluation and analysis, and
finally the application of Multi-Criteria Decision Analysis (MCDA). All of these
steps require inputs from the decision makers and stakeholders, as depicted in
Figure 3.1. The approach was initially presented in Niekamp et al. (2015).
Figure 3.1: Generic framework
Subsequently, the approach was developed in greater detail for the more specific
decision context, extending into a decision support tool rather than a mere top-
level framework. Inputs from stakeholders and expert judgements are required
in order to provide specific and meaningful results. Decisions are based on a
sound analysis of the performance of different alternatives relative to each other,
including uncertainty and sensitivity analyses.
It has to be noted that this research is concerned with decision support rather
than decision making as discussed in Section 2.2.1.1. The methodology shall help
to present complex information in a structured way to facilitate communication
between stakeholders and decision makers. Therefore, visualisation of results and
uncertainties is an important part of the approach in order to enable rational and
well-informed decision making.
First, understanding the decision context is key to approaching it in a rational
and systematic way and so the sequential steps of the framework are depicted
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in Figure 3.1. The steps involved, which are generic and applicable in different
decision contexts, require clarification in the following respects:
1. Decision context & approach: Who are the stakeholders? What are
the objectives? What are the decision alternatives and which performance
indicators can be used to evaluate them? This requires, amongst others, a
clarification about the baseline and the methodology for the evaluation, the
required level of detail and complexity, taking into account the available
resources and data availability.
2. Data collection & evaluation: Establishes the knowledge base for the
decision problem by collecting available data (quantitative and qualitative)
on the performance indicators. Evaluation of reliability of data sources and
gaps in data alongside.
3. Life cycle cost and performance assessment: Determines the per-
formance of the different alternatives with regard to the fundamental ob-
jectives, namely minimisation of Life Cycle Costs (LCC), environmental
impacts and risks, based on the data collected in the previous step.
4. Sensitivity and uncertainty analysis: Aspects to consider include iden-
tification of key contributing variables and how much uncertainty in data
and models may impact on the final results.
5. MCDA: Requires a sensible and transparent choice of MCDA methodology,
the collection of weighting factors and calculation of results. In generating
the results, the level of detail required / desirable needs to be considered,
as well as how key findings will be presented. Moreover, it has to be clear
to what extent interpretation of the results and recommendations are ex-
pected.
All of these aspects require inputs from the decision makers and stakeholders and
they need to be related to the given decision context. Some principles however
apply to similar decision contexts in this field and are discussed in more general
in the following sections.
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3.1.2 Decision Context
Roles and responsibilities The distinction needs to be clear between decision
maker, decision analyst and stakeholders: According to Rowley et al. (2012) –
based on Bengtsson (2000) – the role of decision analyst refers to the special-
ist or specialist team that performs the analysis and provides decision support.
Responsibilities include making methodological decisions, for example about the
choice of MCDA or about the elicitation of weights. Moreover, the decision ana-
lyst(s) are in charge of data collection and evaluation. The decision maker on the
other hand defines the decision context and objectives and uses the sustainability
assessment to ultimately make decisions about the available options. Again, this
role is not necessarily covered by just one individual, it could well be a panel of de-
cision makers. Stakeholders provide inputs to identify relevant criteria, provide
data and support the prioritisation and preference weighting. Additional data
can be collected from experts. An overview about the roles and responsibilities
is provided in Table 3.1.
Table 3.1: Roles and responsibilities for the decision process, adapted from
Lahdelma et al. (2000)
Decision
context +
objectives
Define al-
ternatives
+ criteria
Data
collection
Data
analysis
Prioriti-
sation
Final
decision
Decision maker X X X X
Decision analyst (X) (X) X X (X)
Stakeholders X X X
Experts X X
Stakeholders As depicted in Figure 3.1 and Table 3.1, stakeholder involvement
is seen as key to many of the individual steps. Therefore, it is important to
identify relevant stakeholders early in the process, and effective ways to engage
them. Stakeholders in general have an interest in the outcome of the decision
problem, because they are directly or indirectly affected by it.
Since consequences do not necessarily occur immediately, people that are involved
in providing inputs to the decision problem should also represent relevant stake-
holders that are affected in the long term. Ideally, stakeholders involved should
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be able to represent the whole life cycle, covering the initial phase, the operation
and maintenance phase as well as the end of life. Moreover, as highlighted above
and in Table 3.1, experts from relevant fields can provide additional technical
inputs and expertise where required. In the context of a material selection prob-
lem, this could be material scientists as well as people that produce the respective
materials or are involved in maintenance or recycling tasks.
Objectives Before identifying criteria, one needs to be clear about the objec-
tives of the decision problem. Therefore, it helps to distinguish between ‘funda-
mental objectives’ and ‘means objectives’, as proposed by Keeney (1996). Funda-
mental objectives are directly linked to values that matter to the decision maker
and /or the stakeholders, whereas means objectives are the ones that are im-
portant because they represent means that influence the fundamental objectives.
Therefore, identifying the values that matter, helps to identify desirable decision
opportunities and alternatives. According to Keeney, objectives need to be un-
derstood in their specific decision context and they should have a direction of
preference (e.g. maximise or minimise).
In the context of choosing sustainable materials, the fundamental objectives are
the following:
• Minimisation of life cycle costs,
• Minimisation of health and safety risk,
• Minimisation of environmental impacts.
Alternatives Depending on the type of decision problem, alternatives may al-
ready exist (reactive decision problem), or they have to be generated (proactive
decision problem). Existing alternatives could be, for instance, the selection be-
tween different options, such as a choice between different available materials. In
this case the evaluation is done in order to identify the optimum choice. Proactive
decision problems on the other hand are concerned with developing alternatives
for a given decision problem. When developing alternatives, the previously iden-
tified values and objectives should be considered and the alternatives created in
such a way that they maximise the specified values (Keeney 1996).
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This research is not focussed on the development of alternatives, because this
aspect has already been covered extensively. For guidance see e.g. Gregory et al.
(2012). Instead, this research is concerned with the evaluation of alternatives,
once they have been identified or developed. One key aspect has to be noted,
however, which is the importance of having a defined baseline for the analysis in
order to be able to determine meaningful and comparable results. The baseline
is often chosen as the ‘do nothing’ option, so that any changes can be compared
to this option. In this way it is possible to achieve a clear picture about the
potential impact of any changes and whether it is worthwhile to pursue them.
With regard to material choices, the ‘do nothing’ option could be expressed as
‘continue using the established material / technology option’.
Criteria Crucial for the decision process is a sensible choice of criteria, which
need to fulfil a number of requirements. As early as 1976, Keeney & Raiffa
(1976) proposed that the final set of criteria should be complete, operational,
non-redundant and minimal. Similarly Gregory et al. (2012) required criteria
to be complete, concise, unambiguous, understandable, direct, and operational.
However, it can be challenging to meet all of these attributes at the same time.
In particular, non-redundancy and completeness are requirements that are not
easy to satisfy, because they generally oppose each other. This was demonstrated
for instance by Lahdelma et al. (2000) in using multi-criteria methods in envi-
ronmental planning and management. In the given case study, some criteria were
identified as slightly overlapping because of their relatively large scope. However,
if a larger set of more defined criteria was used, this did compromise the con-
ciseness. The authors concluded that a trade-off between various criteria may
become necessary and a good compromise needs to be found.
A valuable resource for identifying relevant criteria are stakeholders. The advan-
tages of stakeholder participation and group decision making were pointed out
by Bond et al. (2008), who compared criteria that individuals (including experts
and decision makers) generated on their own with the list of criteria the group
created. They found that not only individuals consistently omitted nearly half of
the objectives compared to the group but also perceived the latter to be almost
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as important as those they generated themselves. This study emphasisesthe im-
portance of stakeholder involvement from an early stage in identifying objectives
and criteria.
It is, furthermore, necessary at this stage to understand how each criterion will
be evaluated. Evaluation can be done in a quantitative or in a qualitative way,
by using expert judgement. In any case, the baseline for the evaluation needs
to be clear. Moreover, it is important to be clear about how to capture inter-
dependencies of criteria, to avoid double-counting or under-counting.
Finally, not all criteria will have the same importance, therefore one needs to
find ways to capture priorities. This is closely linked with the choice of MCDA
approach, since different approaches offer different ways to prioritise, e.g. through
factoring in preference weights, pairwise comparisons, etc. Moreover, different
types of aggregation methods exist, in order to generate the final results.
MCDA approach Having achieved clarity about objectives, alternatives and
relevant criteria to evaluate the different alternatives, the next step is to decide
about the most appropriate MCDA approach. A practical guidance for doing so
was provided by Gregory et al. (2012). They discussed the theoretical implica-
tions associated with the different choices of MCDA methods and presented a
workflow diagram to determine the most suitable MCDA approach.
Finally, the MCDA is performed, as depicted in Figure 3.2. The different alterna-
tives are assessed in comparison to the baseline, with regard to their performance
in the different life cycle stages. The broad classification of life cycle stages in-
cludes Initial (I) stage, Operation and Maintenance (O&M) stage and the End
of Life (EoL) stage. Each of these will consist of multiple aspects and activities
that need to be considered.
3.2 Data Collection and Evaluation
Any kind of performance evaluation requires the collection of relevant data. In the
following, some generic aspects that are relevant for data collection and evaluation
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Figure 3.2: MCDA approach (diagram adapted from Linkov & Seager 2011)
are discussed. Full details of the data collection and evaluation for the case study
are provided in Section 4.2.
3.2.1 Data Sources
In order to make use of all available information, a variety of data sources are
sought that provide different types of inputs for the analysis. These include
industry and literature data, complemented with expert elicitation.
Publicly available data Depending on the context, there may already be a
rich body of literature data available, which can provide a good starting point
for the analysis. In that case it is important to filter the data for the most rele-
vant aspects that are applicable to the decision problem. Moreover, the quality
and reliability of the data sources has to be ensured. For established technology
that can be done, for instance, by consulting industry codes and standards. For
more research oriented studies, publications in high-quality peer-reviewed jour-
nals provide a valuable source. If data from different sources are available, they
should be compared thoroughly and checked for consistency. Publicly available
data can be very useful, however it may not be specific enough to be applicable
to a case-specific situation.
Expert elicitation For more specific and/or technical aspects, expert elicita-
tion offers a highly valuable source of information. The data reliability, however,
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depends on the level of expertise and issues related to subjectivity may arise. In
the context of material selection for instance, experts could be biased towards ma-
terials they are more familiar with. Therefore, evaluation of confidence alongside
expert opinion is a sensible addition. Several methods exist for expert elicitation,
such as surveys, interviews or different panel methods, which can be structured
and targeted in different ways (Bouyssou et al. 2006). There are formal techniques
for expert elicitation, for example the Delphi technique (Dalkey et al. 1969). In
any case, breaking down the problem and seeking expert judgement in an area
that is within their field of expertise, facilitates the process for the expert and
increases the chances of obtaining reliable information.
3.2.2 Types of Data
Data will be available in different types and formats, which imply different con-
straints and may require specific types of treatment. Some types of data and
their implications are discussed in the following.
Quantitative and qualitative data Depending on the source, different data
formats are common. The above-mentioned literature and industry data is gen-
erally published as quantitative data, for example cost data, material properties,
etc. Expert judgement can be provided in qualitative or quantitative format,
again depending on the context and expected level of detail.
Qualitative expert judgement could be for example for comparing different op-
tions, such as: ‘Option A is a bit better than option B on criterion number 1, but
option B is slightly better than A on criterion number 2’. In such a case, qual-
itative data can be transferred into semi-quantitative data, by translating those
judgements into a scaling system. When doing so, transparency about the scales
needs to be ensured, and ideally the confidence in such judgements should be cap-
tured alongside. The most common approach is to apply a point scoring system,
where each qualitative judgement is translated into a certain score. Confidence
levels can be accounted for through using a probabilistic or a fuzzy approach.
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Bayesian methods may be used to ‘combine’ data from different sources such as
expert judgement and historical data (ASME 2003).
Crisp and fuzzy data Using fuzzy numbers (as introduced in Section 1.1.2.3)
helps to account for vagueness and imprecision in data. Instead of using a specific
point estimate (= crisp data), values are provided as triangular or trapezoidal
fuzzy numbers, which represent the degree of membership. The width of the
triangle or trapezoid reflects the expected spread, the wider it is, the higher the
associated variability and uncertainty. Fuzzy approaches require a good method-
ological understanding by the user.
Deterministic and probabilistic data Another option is to introduce prob-
abilistic approaches to account for variability and uncertainty. If input estimates
can be provided probabilistically, this can lead to better appreciation about the
most likely range of results. Probabilistic models are more complex than deter-
ministic ones, so there may be a trade-off between additional efforts spent and
the benefit from enhancing the results. In the case of life cycle approaches, where
uncertainty about future predictions is significant, probabilistic approaches can
be suitable to account for uncertainty and get a better appreciation about the
potentially achievable ranges.
3.2.3 Limitations in Data
Gaps in data Even if there were no restrictions on sharing and accessibility of
data, there would still be gaps and limitations on the data available, because of
the complexity and variability of any natural or technical system. Additionally,
in practice, issues with data availability and confidentiality often exist, when
evaluating materials or other technological solutions on a life cycle basis. It may
be required to estimate how large the influence of these data gaps on the results
can be in order to appropriately highlight and communicate the gaps and their
potential impacts.
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Uncertainty in data Due to the long-term perspective of life cycle approaches,
which involve forecasts into the far future, high degrees of uncertainty are un-
avoidable. As introduced in Section 2.1.3, uncertainty can be classified into the
aleatory and the epistemic type, with the former related to lack of knowledge and
the latter related to the natural variability occurring in any system. Understand-
ing the different sources of uncertainty allows for a better understanding of the
problem and targeting further efforts effectively. This is discussed in more detail
in Section 3.4.
Data manipulation If data is provided in quantitative format, it is often per-
ceived as more accurate, even more so depending on the level of detail presented.
This may also lead to manipulations, by presentating data in a specific format,
e.g. as ratios or absolute values. Moreover, a high level of detail and precision in
the values (e.g. by providing many decimal places) is generally associated with a
high level of accuracy. For example the statements
• ‘Improvements of 1/3 are achievable.’ or
• ‘Improvements of 33.33 % are achievable.’
leave the reader with different impressions about the accuracy of the data, even
though the underlying value is the same. Other enlightening examples of data
manipulation in the context of material evaluation were presented by Allwood
et al. (2012). It is therefore important to provide an appropriate level of detail,
which reflects the confidence in the underlying data and the respective accuracy
and precision of the data.
3.3 Life Cycle Cost and Performance Assess-
ment (LCPA)
The goal of the Life Cycle Cost and Performance Assessment (LCPA) is to estab-
lish a holistic evaluation of the life cycle performance of the alternatives under
investigation, compared to the baseline. In the context of evaluating sustainabil-
ity, the LCPA comprises an evaluation of the aspects related to the fundamental
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objectives, namely LCC, Environmental Impacts (EI) and Risk Assessment (RA)
and their respective sub-objectives (e.g. cost minimisation in the different life cy-
cle stages, minimisation of Greenhouse Gas (GHG) emissions, resource depletion,
minimisation of Probability of Failure (PoF) and Consequences of Failure (CoF),
etc.) The LCPA is based on the data collected and split into the individual life
cycle stages so that experts and stakeholders can be consulted in their respec-
tive areas of expertise, as depicted in Figure 3.3. This facilitates discussion and
enables the decision analyst to elicit reliable information.
Figure 3.3: Life cycle approach
The quantitative LCC model is introduced in Section 3.3.1 and the semi-quantitative
methodology for EI and RA evaluation are presented in the subsequent Sec-
tion 3.3.2. Further details about the application to the case study is provided in
Section 4.3.
3.3.1 Life Cycle Costs (LCC)
The goal of the LCC model is to provide estimates that enable us to compare the
performance of the different alternatives and their financial implications on a life
cycle basis. The proposed LCC model is a relative model, comparing all direct
cost factors of the different alternatives with the chosen baseline. Indirect cost
factors can be integrated as well, as long as this is consistently done for all alter-
natives, to allow for equal comparison. First, the baseline model is established,
the full model will be introduced in the subsequent section.
3.3.1.1 Baseline Model
All input cost factors that contribute to the baseline LCC are denoted as baseline
factors ~φ =
(
φ1, . . . , φnφ
)
and all relevant output cost factors that contribute
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to the life cycle costs are denoted as ~C = (C1, . . . , CnC ). These are grouped
into initial costs ~CI = (C1, . . . , CnI ), operation and maintenance costs
~CO&M =
(CnI+1, . . . , CnO&M ) and end of life costs
~CEoL = (CnO&M+1, . . . , CnEoL), with their
indices in consecutive order, therefore nEoL = nC . Thus, the total vector for the
LCC can be expressed as
~C =

~CI
~CO&M
~CEoL
 =
(
C1, . . . , CnI︸ ︷︷ ︸
~CI
, CnI+1, . . . , CnO&M︸ ︷︷ ︸
~CO&M
, CnO&M+1, . . . , CnEoL︸ ︷︷ ︸
~CEoL
)
(3.1)
Figure 3.4: Schematic of LCC model for baseline option
The principle is depicted in Figure 3.4. The superscript 0 is used to denote the
baseline model (e.g. C0i for the different cost factors and LCC
0 for the total
LCC of the baseline model). This will allow us to easily distinguish it from
the alternatives. LCC0 is calculated as the sum of the initial, operation and
maintenance costs, and end of life cost factors:
LCC0 =
nI∑
i=1
C0I,i +
nO&M∑
i=nI+1
C0O&M,i +
nEoL∑
i=nO&M+1
C0EoL,i
=
nC∑
i=1
C0i
(3.2)
While each cost factor C0i is given by a corresponding function Fi of different
baseline factors φk:
C0i = Fi
(
~φ
)
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3.3.1.2 LCC Model for Alternative Options
Subsequently, it is assessed how much the individual cost factors of the base-
line model change for the different alternatives. Any limiting conditions (e.g.
the maximum amount of material replaced) are denoted as limiting factors ~λ =(
λnφ+1, . . . , λnλ
)
. Since the model is set up as a relative model (in comparison to
a given baseline), the relative changes to each baseline cost factor are identified
and denoted as change factors ~δ = (δnλ+1, . . . , δnδ) and factored into the LCC
model.
All input factors, namely the baseline values ~φ, the limits ~λ and the actual change
~δ can be summarised to a general input vector ~f =
(
f1, . . . , fnf
)
:
~f =

~φ
~λ
~δ
 =
(
φ1, . . . , φnφ︸ ︷︷ ︸
~φ
, λnφ+1, . . . , λnλ︸ ︷︷ ︸
~λ
, δnλ+1, . . . , δnδ︸ ︷︷ ︸
~δ
)
(3.3)
With consecutive numbering of indices and therefore nf = nδ. Again, the output
cost factors are grouped as before. The schematics of the LCC model are depicted
in Figure 3.5.
Figure 3.5: Schematic of LCC model for each alternative option
Each sample of input cost factors ~f describes an alternative option to the baseline
model. The alternatives are labelled with the superscript j, e.g. Cji and LCC
j
with j = 1, . . . , nj. Accordingly, LCC
j of such an alternative is given by the sum
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of the respective initial, operation and maintenance, and end of life cost factors
according to Equation 3.4:
LCCj =
nI∑
i=1
CjI,i +
nO&M∑
i=nI+1
CjO&M,i +
nEoL∑
i=nO&M+1
CjEoL,i
=
nC∑
i=1
Cji
(3.4)
With nC = nEoL (as above) and each cost factor C
j
i given by a corresponding
function Fi of different input cost factors φk:
Cji = Fi
(
~φ,~λ, ~δ
)
In fact, the baseline model introduced above is a special case of the LCC model
with j = 0, ~λ = ~0 and ~δ = ~0, which reduces Equation 3.4 to Equation 3.2.
3.3.1.3 Assumptions and Illustration
The alternative options are assessed against the baseline option in a relative way.
Therefore, cost factors that remain the same for all cases, e.g. personal costs, ad-
ministration or insurance costs, are omitted. Moreover, operational earnings are
excluded from the model. However, care has to be taken that such omission will
not skew the results due to the apparently higher influence of other factors.
The LCC models can be depicted with a pie diagram as in Figure 3.6, with each
slice of the pie representing one cost factor Cji , which can be grouped into initial
(blue slices), operation and maintenance (yellow/amber slices) and end of life
costs (red/brown slices).
For the baseline model the sum of all cost factors C0i equals LCC
0 = 100 %
Through the LCC model, the changes in each cost factor Cji are evaluated by
applying change factors ~δ and limiting factors ~λ to each baseline slice. This
respective results are depicted by another pie diagram, with the size of slice for
each cost factor representing the respective cost value. The sum of cost factors Cji
does not necessarily add up to 100 %, but represents the LCC for the alternative
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Figure 3.6: Schematic pie diagram for baseline LCC model (left) and LCC of
alternatives j (right)
j, relative to the baseline model. In the example, the total LCCj is less than for
the baseline, hence an additional slice for the savings compared to the baseline is
included in the second diagram, depicted in green. In the case of extra costs, the
graphical representation through a pie diagram is less intuitive. It could be done
by using an ‘exploded’ pie chart, or with slightly overlapping slices. However,
it might be more reasonable to use a different type of diagram, such as a bar
diagram.
3.3.1.4 Discounting
Generally in LCC models, all cost factors Ci should be considered as Present
Values (PVs), by first calculating the cost at Current Price (CP) and then dis-
counting them by factoring in the corresponding discount rate r and time t ac-
cording to Equation 3.5. For different costs, discount rate and time will depend
on the stage at which these costs occur.
PV (Ci) = Ci
1
(1 + r)t
(3.5)
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In some studies (e.g. Burman et al. 2006, Hedlund-A˚stro¨m 2009, Lindqvist
2012), moreover, the inflation rate i is factored in according to Equation 3.6.
This depends on the scope of the study and the
PV ′(Ci) = Ci
(1 + i)t
(1 + r)t
(3.6)
Subsequently, the Net Present Value (NPV) is calculated as the sum of all PVs
according to Equation 3.7:
NPV =
n∑
i=1
PV (Ci) (3.7)
If different alternatives have different service life times, this can either be consid-
ered by looking at a certain point in time and calculating the NPV, thus reflecting
the value at this specific point in time. Alternatively, the NPV can be calculated
for the full life cycle and accordingly reflects the costs and benefits over the re-
spective time scales. The choice depends on the decision making context and the
preferences of the decision maker.
In the case of a relative model the values can be provided either as CPs or as
PVs, so long as the same values (CPs or PVs) are used in the relative model as
in the baseline model. If different cost factors are spent at different times within
a life cycle stage, this will lead to minor differences in the ratios determined with
CPs compared to PVs. If, on the other hand, the expenses are spent at the same
time or they are continuously spread over the life cycle stage, both approaches
will provide exactly the same ratios. Whilst in general it should be transparently
stated whether the calculations are based on discounted or non-discounted values,
the differences are expected to be minor, as discussed in Section 4.3.1.
It has to be noted that the LCC model provides rough assumptions, which do not
claim to be exact predictions for the given applications. The objective is rather
to understand the general trends and relative performance. If more information
is available about the costs associated with the different options, the model can
be refined and provide more detail. If little information is available, it can still
be used to provide a screening assessment.
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3.3.2 Life Cycle Risks and Environmental Impacts
As discussed in Chapter 1 and 2, it can be challenging to quantify risk and envi-
ronmental impacts in an objective and representative way. If resources are lim-
ited and an extensive quantitative assessment is not feasible, a semi-quantitative
assessment, where a qualitative expert evaluation is transferred into a scoring sys-
tem, can provide an effective starting point to obtain a good understanding.
Therefore, a set of criteria, which is relevant with respect to the objectives, needs
to be established. These are called Performance Indicators (PIs) and can be
identified through a survey, brainstorming sessions or any other form of expert
elicitation. PIs may be directly related to the fundamental objectives, or they
could be relevant to the means objectives, which are also important, because
they influence the fundamental objectives through other PIs. From the poten-
tially large number of PIs a set of Key Performance Indicators (KPIs) needs to
be established, which meets the requirements of representing the fundamental
objectives in a way that is complete, concise, unambiguous, understandable and
operational (Gregory et al. 2012). In the context of sustainability evaluations, the
suggested KPIs are factors that are directly related to the EI and RA evaluation.
Accordingly, a set of environmental and risk related KPIs is established.
Subsequently, the KPIs need to be evaluated in comparison to the baseline op-
tion. Since for some aspects even a small improvement in performance is quite
significant in terms of their impact, and vice versa, the evaluation is split between
Performance and Significance. Moreover, it is assessed how much any changes
apply to the different life cycle stages. Consistent with the life cycle approach
depictd in Figure 3.3, it is distinguished between
• Initial stage - including design, purchasing of raw material and production,
• Operation & maintenance stage - including general operation as well
as maintenance actions, such as inspections, repair and replacement,
• End of life stage - considering potential recycling or else disposal of com-
ponents.
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Performance evaluation Quantitative and qualitative data are collected for
the performance of the different options compared to the baseline. This is trans-
ferred into a semi-quantitative assessment by assigning a performance score P ji ,
that provides the performance of the jth alternative on the ith KPI. The scaling
of P ji depends on the context, the level of granularity required and personal pref-
erences. For a relative assessment, the choice of a suitable baseline is required.
Since the cost factors are assessed in % compared to the baseline of 100 %, a score
of 100 is likewise chosen for the baseline in order to enable comparison.
Subsequently, changes in KPIs need to be scored relative to this baseline. Since
the goal is to minimise risks and environmental impacts, lower performance scores
P ji are assigned for comparably higher performance and vice versa. The scoring
system should be agreed at the beginning of the expert elicitation process, so
that it is clear and transparent how qualitative evaluation will be translated into
the performance score.
For the environmental impacts, the performance score P jE,i refers to how much
the environmental impact is expected to change when choosing the alternative
options compared to the baseline. If broken down into the different life cycle
stages, a relative assessment based on available data and expert judgement is
generally possible and can provide a reasonable starting point for highlighting
the key aspects.
With regard to risk aspects, the performance score P jR,i can be understood as
capturing the relative changes in the likelihood of health and safety risks. As
opposed to the term PoF, which is generally expressed in a quantitative format,
likelihood can also be expressed in qualitative or semi-quantitative format. In
most cases, choosing a different alternative will influence the likelihood of failure
or in other words the likelihood of the health and safety risk. The performance
score for risk aspects P jR,i is designed to capture such changes.
An example for a scoring scale is provided in Table 3.2. In this example an
‘extremely worse’ performance would increase the score by 50 %, whereas an
‘extremely better performance’ would reduce the score by 50 %. For instance,
it can be interpreted as: A reduction in GHG emissions by x% is valued as
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‘slightly better’ in terms of environmental performance. For risk aspects, a certain
material behaviour is valued as ‘extremely worse’ if it significantly increases the
likelihood of health and safety risk. Table 3.2 is for demonstration purposes only.
It can be amended by using more or less categories and by scaling the attributed
performance scores P ji as required. How confidence in the evaluation can be
factored in, is discussed in Section 3.4.2.2
Table 3.2: Example of a performance scoring system around the baseline score
of 100
Relative performance P ji
Extremely better 50
Much better 75
Slightly better 90
Equal performance 100
Slightly worse 110
Much worse 125
Extremely worse 150
Evaluation of significance In order to relate the performance on the different
KPIs to the fundamental objectives of the decision problem, the significance of
the changes in KPIs with regard to the fundamental objectives are evaluated.
This is done by assigning a significance score Si, for example as in Table 3.3.
Essentially, Si is a kind of weighting factor, which is applied to each performance
score P ji .
Table 3.3: Significance of individual KPIs to health and safety risk and envi-
ronmental performance
Significance Si
Very High 5
High 4
Medium 3
Low 2
Very Low 1
Not significant 0
Similar to the performance scores, the scale can be amended as required. It
has to be noted that the significance scores Si are assigned to the set of KPI
independent of the performance of the different alternatives. For example, with
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regard to environmental impacts, the significance of GHG emissions could be
rated as high, compared to acidification potential that might be rated as medium.
In terms of health and safety risks the significance score is closely related to the
CoF. For example, different factors that influence structural integrity could be
assigned a very high or a very low rating of significance, depending on the context
and the circumstances. For both cases, the significance score Si is set irrespective
of the performance scores achieved. All different alternatives j have the same
significance score Si per KPI, which therefore provides a measure of the relative
importance of the different KPIs.
Calculation of final scores The total performance scores Ejtotal for environ-
mental impact and Rjtotal for health and safety risk for each alternative j are
determined by multiplying the individual performance scores P ji with the signif-
icance scores Si, normalising them and aggregating them for all KPIs according
to Equation 3.8 and 3.9, respectively.
Ejtotal =
n∑
i=1
Eji =
n∑
i=1
P jE,i S
′
E,i (3.8)
Rjtotal =
n∑
i=1
Rji =
n∑
i=1
P jR,i S
′
R,i (3.9)
Since Si is essentially a weighting factor, the normalised significance score S
′
i is
applied, which is calculated as
S ′i =
Si∑n
i=1 Si
(3.10)
This can be done separately for each life cycle stage or by generating a total life
cycle score by calculating the sum of the individual scores. If a total score for the
life cycle is calculated, some weighting between the life cycle stages is required.
For more transparent results, it is recommended to keep the different life cycle
stages separate at this point. Further details about weighting and aggregation
are discussed in Section 3.5.
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3.4 Sensitivity & Uncertainty Analysis
Sensitivity and uncertainty analysis should be carried out for the LCC, EI and RA
models. Both aspects are important for better understanding the performance
of the alternatives and accounting for variability and uncertainty in input data.
Sensitivity analysis is used to investigate how changes in input values or assump-
tions affect the model outputs, whereas uncertainty analysis investigates how the
outputs are affected by the lack of knowledge or potential errors associated with
input parameters or model design (EPA 2009a).
The two approaches are related, but focus on different aspects, hence they should
be viewed alongside each other to identify the key factors in the model. The in-
terplay between the sensitivity and uncertainty was presented by Heijungs (1996)
(amongst others), who pointed out that it is necessary to distinguish between
data that is uncertain and data that has a high contribution on the results -
in other words, for which the final result is more sensitive. The distinction is
depicted in Figure 3.7.
↑ high perhaps a key issue key issue
Uncertainty
↓ low not a key issue perhaps a key issue
low high
← Contribution →
Figure 3.7: Identification of key factors, depending on their contribution and
uncertainty - adapted from Heijungs (1996)
Factors that have a high contribution towards the results (sensitivity ↑) are likely
to be a key issue in the model. Additionally, factors with high uncertainty may
hint at a key issue. Screening the factors with regard to their sensitivity and
uncertainty, enables us to distinguish between factors that represent key issues
and factors that are not a key issue. The application of the sensitivity and
uncertainty analysis for the case study is discussed in Section 4.4.
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3.4.1 Sensitivity Analysis
Sensitivity analysis is applied to better understand which input factors have the
most influence on the model outputs or, in other words, how variations in model
outputs can be apportioned to variations in model inputs (Saltelli 2002). Sensi-
tivity analysis helps the analyst to establish a ranking of the relative contribution
of inputs towards the output results (EPA 2001).
The input factors of the LCC, EI and RA models are analysed by means of a
local sensitivity analysis. The principle is depicted in Figure 3.8. Each factor is
varied independently by a certain percentage x around its mean value and the
relative changes in outputs are analysed. In this way a ranking of the relative
contribution of each input factor towards the output results is established. This
may then be followed by uncertainty analysis, focussing on the factors with high
sensitivity.
Figure 3.8: Principle of sensitivity analysis - adapted from (EPA 2009b)
The advantages of local compared to global sensitivity analysis include its sim-
plicity. Since it is straightforward, easy to interpret and does not require high
computational requirements, it is the most popular type of sensitivity analysis.
However, it only explores a limited space of input factors around the base case,
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and furthermore does not capture interactions between the individual factors. For
a more in-depth discussion of local versus global sensitivity analysis see guidance
documents (EPA 2001, 2009a) or review papers (Saltelli 2002, Hall et al. 2009,
Tian 2013). For an initial screening assessment, a local sensitivity analysis is
judged as adequate. Further refinement and global analysis can be done as part
of the uncertainty analysis.
3.4.1.1 Sensitivity Analysis of LCC model
The sensitivity analysis of the LCC model is conducted by varying each input
parameter fk one at a time by a percentage x according to Equation 3.11, and
determining the changes in the output cost factors Ci.
fk,x = fk,0 ∗ (1 + x) (3.11)
A common measure for sensitivity are partial derivatives, which provide the ratio
of the absolute changes in model outputs to the absolute changes in input pa-
rameters. The principle of the sensitivity analysis for the LCC model, analysing
∂Ci
∂fk
is depicted in Figure 3.9.
Figure 3.9: Sensitivity analysis of LCC model
In the case of a linear additive LCC model, the variation in output forms a
straight line with a constant gradient m˜k. The value of the gradient for each
factor fk can be determined by calculating the partial derivatives analytically or
by calculating the difference quotient from the output data:
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m˜k =
∂Ci
∂fk
(3.12)
=
∆Ci
∆fk
=
Ci,x − Ci,0
fk,x − fk,0 (3.13)
With fk,x as the variation of input factor fk by x% (Equation 3.11) and Ci,x as
the result of the cost calculations for fk,x. Note that fk,0 and Ci,0 represent the
base case, i.e. changing the input factor fk by x = 0 %.
As mentioned above, the partial derivatives provide a ratio of the absolute changes.
Alternatively, these can be normalised and expressed as relative values (as de-
picted above in Figure 3.8), leading to a non-dimensional gradient m¯. Further-
more, it can be beneficial to define a hybrid gradient m that relates the relative
changes in input parameters to the absolute changes in model outputs.
The three different types of gradients are depicted in Figure 3.10, with changes
in model inputs fk,x on the abscissa and respective changes in model outputs Ci,x
on the ordinate. The advantage of normalising the input values is that this makes
them more easily comparable. Whether the model outputs are normalised or not
depends on the preferences of the analyst.
Figure 3.10: Comparison of partial derivative, non-dimensional and hybrid
gradient for sensitivity analysis
Considering Equation 3.11, Equation 3.13 can be re-written as:
m˜k =
Ci,x − Ci,0
x ∗ fk,0 (3.14)
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The non-dimensional gradient m¯k on the other hand is defined as
m¯k =
∆Ci
Ci,0
∆fk
fk,0
=
Ci,x − Ci,0
Ci,0
fk,x − fk,0
fk,0
(3.15)
which can be re-written as:
m¯k =
Ci,x − Ci,0
x ∗ Ci,0 (3.16)
The non-dimensional gradient m¯k therefore relates to the partial derivative m˜k
by
m¯k = m˜k ∗ fk,0
Ci,0
(3.17)
Finally, the hybrid gradient mk is defined as
mk =
∆Ci
∆x
=
Ci,x − Ci,0
x
(3.18)
The key benefit of using the hybrid gradient mk is that it does not only allow the
decision analyst to determine the most relevant input parameter in a straight-
forward way (which the non-dimensional gradient m¯k would do too), but it also
allows to identify the absolute change in Ci and not only the relative. Therefore,
it is also possible to depict the changes of input factors fk on different cost factors
Ci, as shown in Figure 3.11.
The hybrid gradient relates to the non-dimensional gradient m¯k through the scal-
ing factor Ci,0 and to the partial derivatives m˜k by scaling with each base case
factor fk,0.
mk = m¯k ∗ Ci,0 (3.19)
mk = m˜k ∗ fk,0 (3.20)
Methodology 81
Figure 3.11: Hybrid gradient for sensitivity analysis, showing the impact of
changes in input factors fk on different cost factors Ci
The outputs can be analysed individually for initial, operation and maintenance
as well as end of life costs. For a linear additive model, the sensitivity of the total
LCC for any one factor fk is the sum of the partial sensitivity values, if expressed
by the partial derivatives m˜k or the hybrid gradient mk.
∂LCC
∂fk
=
∑
i
∂Ci
∂fk
= m˜k,total =
∑
i
m˜k,i
(3.21)
mk,total =
∑
i
mk,i (3.22)
In case of a non-linear model, the local gradient m˜k should be calculated through
the partial derivative and scaled according to Equations 3.17 and 3.20. For a
numerical investigation, the percentage variation should be chosen separately for
each input factor, depending on the expected maximum variation. An iterative
process between sensitivity and uncertainty analysis may be required.
The results of the sensitivity analysis are used to prioritise the factors for the un-
certainty analysis, where the input factors with the highest sensitivity are refined
as discussed in Section 3.4.2. Further details are provided in Section 4.4.1.
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3.4.1.2 Sensitivity Analysis of Risk end Environmental Impacts
Since the health and safety risks are evaluated on a linear additive basis, the
sensitivity of the model is directly related to the value of the individual factors.
Any KPIs with a performance score P ji that has an extreme value (high deviation
from the baseline) can potentially influence the results significantly. However, for
the final score, also the significance scores Si are relevant, as these are used as
multiplication factors. Therefore, the sensitivity of the results towards the indi-
vidual KPIs is analysed by calculating the product of the changes in performance
score, with respect to the baseline, times the significance score. Consistent with
the sensitivity analysis of the LCC model, this product is denoted as m:
mjE,i =
(
P jE,i − P 0E,i
) ∗ S ′E,i (3.23)
mjR,i =
(
P jR,i − P 0R,i
) ∗ S ′R,i (3.24)
Thus, the sensitivity analysis for the risk and environmental impacts is straight
forward and can be done by ranking the respective products according to their
values.
3.4.2 Uncertainty Analysis
Different strategies and methods exist for uncertainty analyses. For quantita-
tive data, especially for experimental results, it is common to describe the data
by using data characteristics, such as mean and standard deviation. For expert
judgements, qualitative scores can be used, for example by evaluating the confi-
dence into the values as ‘high’, ‘medium’ or ‘low’. It should however be clearly
stated what these terms mean in the context of the assessment, otherwise the
evaluation can become a bit arbitrary. Alternatively, confidence can be evaluated
by providing minimum, maximum and most likely estimates, which subsequently
can be transferred into triangular distributions. Another possibility is to provide
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confidence intervals, such as ‘x% confidence that the value of factor y is within
range z’.
In case of a purely quantitative model (such as the LCC model), it is common
to transfer the initially deterministic model into a probabilistic one. This can
be done by modelling inputs with distribution functions, applying Monte Carlo
analysis and evaluating the results statistically. In case of a qualitative or semi-
quantitative model (such as for EI and RA), this may not be feasible, due to
limited data and knowledge of the problem. Instead, it may be possible to elicit
a qualitative judgement about the confidence in the given values.
3.4.2.1 Uncertainty Analysis of LCC model
The uncertainty analysis for the LCC model is done by transforming the originally
deterministic model into a probabilistic one. Efforts are focussed on the highest
contributing input factors, which have been identified through the sensitivity
analysis. The approach is depicted in Figure 3.12.
Figure 3.12: Uncertainty analysis of LCC model
For an initial assessment, the inputs are modelled as triangular distributions. In
future analyses, this could be refined by using other types of distributions. Trian-
gular distributions have the advantage that they are simple and straightforward
to define in case of limited data or expert judgement. Triangular distributions
have only three input parameters: the minimum and maximum value, and an
estimate for the most likely value, which defines the modal value of the triangle.
The width of the triangle reflects the associated variability and uncertainty.
The input distributions are determined based on refined literature research, ex-
pert elicitation and market analysis. Subsequently, the Monte Carlo simulation
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is executed as follows: Random values are generated and applied to the inverse
Cumulative Distribution Function (CDF), in order to generate a number of ran-
dom input variables that are distributed according to the chosen probability dis-
tribution function. An estimate about the minimum number nmin of required
Monte Carlo runs for a required confidence level L and an expected probability
p of one independent variable can be determined with Equation 3.25 (Melchers
1999).
nmin =
−ln(1− L)
p
(3.25)
In case of multiple independent variables the results have to be raised to the power
of the number of independent variables, assuming that the functional relationship
(linear, quadratic, etc.) is similar for all four independent variables.
Since the model is set up as a relative model, it is important to normalise the
inputs so that the baseline always has a value of 100 %. The LCC results are
calculated for each set of variable input parameters and the outputs are described
statistically, e.g. through their mean and standard deviation, or alternatively by
their quartiles. In this way, an attempt is made to develop a sound understanding
about the most likely range of performance of the alternative options compared
to the baseline, by factoring in the uncertainties associated with the highest
contributing input parameters.
3.4.2.2 Uncertainty Evaluation of Risk end Environmental Impacts
Uncertainty evaluation for the EI and RA models differs from the quantitative
approach for the LCC model, because they are based on semi-quantitative expert
judgement. Rather than conducting fully quantitative uncertainty analyses, the
focus therefore is on evaluating the confidence in the input values. In an ideal
situation, confidence should be evaluated at every step of the evaluation. In the
case of the methodology outlined above, this would mean to provide confidence
values at the data collection stage, complemented with a confidence assessment
for the evaluation of both the performance as well as the significance scores.
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This approach may however not be very feasible for practical applications. In-
stead, the uncertainty evaluation can be focussed on the aspect that is the key
distinguishing factor between the different alternatives, namely the performance
score P ji . Since this is provided through semi-quantitative assessment (as out-
lined in Section 3.3.2), the confidence in the estimated values should be collected
alongside. This can again be done through a qualitative judgement, for example
ranging from ‘very high confidence’ to ‘very low confidence’, similar to the eval-
uation of the significance. This evaluation should however be based on a sound
understanding of the uncertainties present in the preceding steps and the under-
lying data. Therefore, wherever possible, this information should be collected
alongside.
The evaluation of the uncertainty can be used in different ways: Either it can
simply be displayed and communicated alongside the evaluation, or it can be
used to target further research efforts effectively towards potential key issues
that show high uncertainty and have a high contribution, as discussed above.
Additionally, it is possible to provide worst case and best case estimates, for
example by varying the scores to an extend that is proportional with the degree
of uncertainty. For example, if uncertainties are evaluated for the performance
scores P ji , a variation of ∆P
j
i can be applied, which is proportional with the
associated uncertainty.
3.5 Multi-Criteria Decision Analysis (MCDA)
This section provides an overview about the choice of MCDA, followed by a
discussion about the weighting and aggregation scheme for the chosen MCDA
technique. The details related to the case study are presented in Section 4.5.
3.5.1 Choice of MCDA
The MCDA technique is chosen according to the workflow proposed by Rowley
et al. (2012). It requires clarification of the following aspects:
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• Decision context: including consideration of decision maker, decision ob-
jectives, alternatives and evaluation criteria, as discussed in Section 3.1.
• Models for comparison: including consideration of compensability and
trade-offs between different criteria, this is a key distinguishing factor be-
tween different types of MCDA approaches.
• Normalisation, weighting and aggregation methods: depending on
the type of MCDA, different methods are available or recommended.
Depending on the consideration of those aspects, Rowley et al. (2012) recom-
mend the use of different MCDA techniques. With regard to multi-criteria ag-
gregation methods, they distinguish between the following two categories: Either
a synthesising criterion, which enable positioning on a predefined scale (such
as Multi-Attribute Utility Theory (MAUT), Analytic Hierarchy Process (AHP),
etc.) or a synthesising preference relational system, which compare alternatives
with each other in order to establish preference relationships between them (out-
ranking methods). According to their guidance, a ‘synthesising criterion aggre-
gation scheme’ was judged as most suitable. That type of MCDA approach is
based on the underlying idea of a so-called ‘weak sustainability’ concept, where
low performance on one criterion can be compensated by good performance on
another one.
3.5.2 Weighting and Aggregation
Based on the guidance by Rowley et al. (2012) and Cinelli et al. (2014), the
most established MCDA method, a MAUT approach is applied. With MAUT
the performance on different criteria (with possibly different units) is translated
into a common utility to allow comparison. Moreover, the importance of each
criterion is factored in through weights. The final aggregation is carried out by
the most simple of all aggregation methods, the Weighted Sum Method (WSM).
Two different sets of weights need to be established:
1. Weighting of importance of life cycle stages relative to each other (internal
weighting, separate for each sustainability aspect);
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2. Weighting of importance of costs, environmental impacts and risks relative
to each other.
For LCC, no further internal weighting is required, because the weights are em-
bedded in the split of life cycle costs. For the results of EI and RA however,
internal weights are required that quantify the relative importance between the
different life cycle stages. For an initial evaluation, those weights are chosen con-
sistent with the cost weights, applying the relative split between initial, O&M
and EoL costs to environmental impacts and risks, respectively. As discussed
before, previous studies on environmental impacts of shipping have found a very
similar trend for environmental impacts as for costs over the whole life cycle (see
e.g. Schmidt & Watson 2014, Burman et al. 2015), with the impacts attributed
to fuel consumption being the dominant ones. For health and safety risks again
the O&M stage is key, a) because of the long lifetime of a ship and corresponding
dominance of the O&M stage, and b) because a failure during the O&M stage
impacts directly on public perception and reputation. How the choice of internal
weights can impact on the results is discussed in Section 4.5
The second set of weights is even more critical for the final results. It represents
the fundamental priorities of the decision maker and stakeholders and may vary
significantly, depending on their perspective. In order to understand the rela-
tionship between the final scores and those weighting factors, the results can be
analysed as a function of the weights.
3.5.2.1 Calculation of Total Scores
The MCDA matrix introduced in Section 2.2 is populated as described in the
following. The different criteria or measures Bi are set to
B1 = LCC
j (Costs)
B2 = E
j (Environmental impacts)
B3 = R
j (Risks)
And their respective weights
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w1 = wC
w2 = wE
w3 = wR
The weights are normalised according to Equation 3.26
n∑
i=1
wi = 1 (3.26)
Therefore
w′C =
wC
wC + wE + wR
(3.27)
w′E =
wE
wC + wE + wR
(3.28)
w′R =
wR
wC + wE + wR
(3.29)
Accordingly, the final MCDA matrix X¯ equals
X¯ =

x0,C x0,E x0,R
x1,C x1,E x1,R
. . . . . . . . .
xm,C xm,E xm,R

(3.30)
with the weighting vector ~w
~w =
(
w′C w
′
E w
′
R
)
(3.31)
The vector for the total performance scores ~T is calculated according to Equa-
tion 3.32:
~T = X¯ ~w (3.32)
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The performance score T j for each individual alternative j is calculated by a
scalar multiplication according to Equation 3.33:
T j = w′C xj,C + w
′
E xj,E + w
′
R xj,R
=
wC xj,C + wE xj,E + wR xj,R
wC + wE + wR
(3.33)
3.5.2.2 Analysis of Weighting Factors
In order to understand the dependence of the outputs on the weights better, these
are given as parametric values and the total score is analysed depending on those.
The weighting factors wE and wR can be expressed as a fraction of wC , which
changes Equation 3.33 to:
T j =
xj,C +
wE
wC
xj,E +
wR
wC
xj,R
1 + wE
wC
+ wR
wC
(3.34)
The weight wC is kept constant and the weight fractions of
wE
wC
and wR
wC
are varied
relative to that and independent of each other. This enables us to explore the
whole scenario space for the application of different weighting factors. The result-
ing total score T j for each alternative can be visualised through a surface plot,
clearly depicting how changes in weights will influence the final results.
3.6 Conclusions of Chapter 3
In this chapter, the methodology for providing multi-criteria decision support for
sustainable material choices has been presented in a generic way. Introduced in
Section 3.1 was the framework for structuring a multi-criteria problem to provide
rational decision support, consisting of a number of steps, which provide guid-
ance for approaching the decision problem and defining the decision context in a
systematic way. Fundamental objectives for sustainable material selection were
identified, namely minimisation of costs, environmental impacts and risks over
the whole life cycle.
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Having established the decision context and the structure of the approach, the
next key step, which is the collection of relevant data, was presented in Sec-
tion 3.2. The data collection was influenced by the type of data (for example
quantitative or qualitative data, crisp or fuzzy data and deterministic or proba-
bilistic data). Several aspects related to limitations and uncertainty in data were
discussed, including gaps in data, different sources of uncertainty and data ma-
nipulation. The section highlighted that for a meaningful evaluation, appropriate
and credible data sources need to be sought and limitations in data need to be
understood and communicated transparently. It was also established that prob-
abilistic approaches can help to explicitly account for uncertainty and variability
by providing information about the most likely range of results.
In order to evaluate the sustainability performance of the different alternatives
based on the data collected, the LCPA was proposed, as presented in Section 3.3.
It was set up to establish a systematic evaluation of the life cycle performance
of new material options compared to a common baseline. Economic evaluation
was approached with the help of a quantitative LCC model, whilst environmental
and risk aspects were evaluated through a semi-quantitative approach, translat-
ing expert judgement into a quantitative score. Whilst these three models were
evaluated individually, they were applied to the same set of life cycle stages,
enabling their subsequent integration.
Since all the LCPA models contained a number of assumptions and the perfor-
mance evaluation of the alternatives was based on limited and uncertain data,
sensitivity and uncertainty analyses were applied, as discussed in Section 3.4.
Sensitivity analysis is useful to investigate how changes in input values and as-
sumptions contribute to changes in model outputs, whereas uncertainty analysis
investigates how the outputs are affected by the uncertainties associated with
input parameters and model design. Factors with a high contribution (the sensi-
tivity of the results towards these factors was identified as high), which also had
a high degree of uncertainty attached, were characterised as potential key issues.
The identification of key issues is important for prioritising efforts and giving
consideration to the factors where refinement is most likely to be beneficial.
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The MCDA approach presented in Section 3.5 was proposed to integrate the
results from the LCPA models, considering also the results of the sensitivity
and uncertainty analyses. Available MCDA techniques differ in particular in
their approach to weighting and aggregation of individual aspects. Guidance was
sought to identify the most appropriate MCDA technique, a MAUT approach.
Accordingly, two sets of weighting factors needed to be established, firstly to
quantify the relative importance of different life cycle stages for each sustainability
aspects, and secondly to quantify the importance of costs, environmental impacts
and risks relative to each other. The latter in particular was heavily dependent on
the decision makers priorities and therefore subject to human bias. Accordingly,
it was proposed to express these weighting factors relative to each other and
analyse how the total score depends on their relative importance.
By offering structured guidance and highlighting key challenges, this chapter pro-
vides the reader with a good understanding of how to approach a multi-criteria
decision problem for sustainable material choices. The novelty of the approach lies
in the integration of different sustainability aspects in one coherent framework.
This includes not only taking a life cycle perspective, but also considering uncer-
tainties explicitly. In this way the approach provides the decision maker with a
sound basis for the selection of the most sustainable material option whilst also
enabling them to transparently communicate the rational for the decision. How
the methodology is demonstrated through a case study in the shipping sector, is
presented in the next chapter.
Chapter 4
Case Study
‘The great thing about fact-based decisions is that they overrule the hierarchy.’
(Jeff Bezos)
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4.1 Introduction
The methodology outlined in Chapter 3 is demonstrated through a case study in
the shipping sector for evaluating the best material alternative to replace con-
ventional steel components in the structure of passenger and cargo ships. The
implementation of High-Strength Low-Alloy steel (HSLA) and composite mate-
rials is being investigated for specific structural details, with a view to further
up-scaling in the future. HSLA and composites are regarded as promising mate-
rial options for reducing fatigue and corrosion issues as well as enabling a more
light-weight structural solution. This can reduce fuel consumption and thus op-
erational costs and emissions to the environment, in particular Carbon Dioxide
(CO2), Mono-Nitrogen Oxides (NOX) and Sulfur Oxide (SOX) emissions.
As a basis for the decision about the implementation of the new materials, it is
desirable to evaluate the sustainability of the different options over the whole life
cycle. This should consider not only costs, but also integrate additional perfor-
mance measures in a structured way, to facilitate the identification of promising
alternatives. Moreover, the assessment should help to understand which key as-
pects influence the life cycle performance most, so that these can be considered
when making decisions about design, retrofitting and during operation.
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The specific decision context and approach, with the application of the steps
highlighted in Section 3.1 is presented in this section, followed by the details of
the HSLA and composite application cases in Section 4.2, the results of the LCPA
in Section 4.3 and the sensitivity and uncertainty analysis in Section 4.4. How
the findings from all of these aspects are drawn together with the help of a Multi-
Criteria Decision Analysis (MCDA) approach is presented in Section 4.5.
4.1.1 Decision Context
The context of the case study is briefly described below, introducing the stake-
holders, decision objectives and alternatives.
MOSAIC project This case study was supported by the collaborative project
Materials On-board: Steel Advancements and Integrated Composites (MOSAIC)
by way of access to information and knowledge generated. The aim of the MO-
SAIC project was to investigate the implementation of advanced materials in the
ship structure and their life cycle implications. The project provided the context
and industrial demand, as well as access to experts and data about the specific ap-
plication case studies. The framework and methodology was however developed
independent of the project and is transferable to other case studies.
Stakeholders Stakeholders include shipyards, ship operators, material scien-
tists, laboratories and a classification body. Shipyards are interested in building
a vessel at a competitive price that meets the requirements of their clients. Ship
owners and operators on the other hand are interested in the operational costs.
Additionally, there are increasing regulations about emissions that have to be
met. Material scientists are keen to investigate the physical performance of new
material solutions and, finally, classification bodies want to ensure that everything
is built and operated in a safe way and that risks are kept to an acceptable level,
often qualified through the ALARP (as low as reasonably possible) concept.
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Decision objectives Overall, the stakeholders are interested in proving the
functionality of the new material solutions and understanding how their imple-
mentation impacts on costs and performance of the ship. The goal is to evaluate
materials, which have the potential to minimise costs and maximise performance
of the vessel over the whole life cycle (e.g. through fuel savings, life extension,
etc.) in order to support the decision about their future implementation.
With regard to the fundamental objectives, the stakeholders agreed with the top-
down objectives of minimising Life Cycle Costs (LCC), health and safety risks
and environmental impacts.
Decision alternatives The MOSAIC case study was concerned with large
ship structures, especially tankers, bulk carriers and cruise ships. These are tra-
ditionally made from conventional marine steel, but as pointed out in Chapters 1
and 2, there are large incentives to replace conventional steel with advanced ma-
terials, in order to enable more lightweight and possibly more durable structures.
In the project, representative application cases were investigated with regard to
their feasibility to be constructed from either advanced steel or composite ma-
terials, with the long-term view of replacing larger amounts of materials in the
future.
The application cases for detailed investigation had been chosen at the beginning
of the MOSAIC project, based on their relevance to the stakeholders and the
industry and their potential for improving vessel performance. They include
the implementation of HSLA and composites for specific structural details in
the ship. Focus was put on covering application cases from different types of
ships, which have the potential to either improve structural performance or reduce
the weight of the ship structure. The baseline for comparison is the currently
used conventional marine steel, grade AH36. Accordingly, continuing using this
established material was defined as the ‘do-nothing’ option.
The application cases investigated in detail during the MOSAIC project are given
in Table 4.1. Bulkheads are essentially the horizontal walls of the ship structure,
which are used to strengthen the ship and absorb shear stresses resulting from
hogging and sagging of the ship. Bulkhead openings are required for access to
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balconies, stairs or other spaces, introducing areas of high stress concentration
at the corners of the openings, which require reinforcement, as depicted in Fig-
ure 4.1. Other application cases investigated include the strengthening of mis-
aligned hopper plates and floor lightening holes for bulk carriers, as well as using
composites for balcony overhangs of cruise ships (depicted in Figure 4.2) to reduce
the weight of the superstructure. The implementation of a composite bow en-
closure (depicted in Figure 4.3), leading to an improved aerodynamic behaviour,
was furthermore judged as a promising application case study for detailed inves-
tigation.
Table 4.1: Application cases investigated in the MOSAIC project
Option Material Application Case Ship type
Conv0: AH36 Base case for comparison All
HSLA1: S690 Corner inserts for bulkheads Cruise ship
HSLA2: S690 Strengthening of misaligned hopper plates Bulk carrier
HSLA3: S690 Strengthening of floor lightening holes Bulk carrier
Comp1: CFRP + Diviny-
cell foam core
Bow enclosure Handymax
tanker
Comp2: CF-VE skin +
balsa wood core
Balcony overhangs Cruise ship
Comp3: GF-VE composite Patching of the corners of bulkhead open-
ings
Cruise ship
Figure 4.1: Strengthening of bulkhead corners with steel insert (left) and com-
posite patch (right) (MOSAIC 2015e)
The evaluation through a Life Cycle Cost and Performance Assessment (LCPA)
was seen as an important basis for supporting decisions about the implementation
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Figure 4.2: Cruise ship with balcony overhangs at upper decks, adapted from
Gent (2015)
Figure 4.3: Model of a composite bow enclosure for a container ship (MOSAIC
2015e)
of these application cases. Focus was put on the application cases that will lead to
a reduction in structural weight, namely the first application case of HSLA and the
first two application cases of the composites, which are presented in more detail
in Section 4.2. It has to be noted that HSLA and composites are investigated for
different structural components, which are not competing against each other. In
both cases it is an evaluation of the life cycle performance of the new material
option compared to the baseline of conventional steel. This was with a view to
highlight both the potential of the material options as well as the key issues and
thus inform decision making about their future implementation.
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4.1.2 Approach
The approach for the decision context described above is outlined in this sec-
tion.
Criteria identification A questionnaire based survey was created and sent to
a variety of stakeholders with the goal of identifying relevant criteria to help in the
selection of appropriate sustainable materials to be implemented in ship struc-
tures. The project partners were asked to suggest criteria that they considered
as relevant. In doing so they should consider multiple aspects, such as
• Technical (e.g. material properties),
• Economic (e.g. costs, financial benefits),
• Environmental (e.g. emissions, pollution),
• Logistical (e.g. supply chain, availability),
• Regulatory aspects,
• Others.
Some visual supports were provided to trigger the though-process, as depicted in
Figure 4.4. The aspects related to raw materials, manufacturing and installation
were later combined in the ‘initial stage’.
Figure 4.4: Pictures to trigger ideas for the criteria identification
Moreover, they were asked to think about the whole life cycle, as depicted in
Figure 4.5:
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Figure 4.5: The ship life cycle to trigger ideas for the criteria identification
Some examples were given, but otherwise no criteria were prescribed (to avoid
any bias) and every participant was asked to fill in their own suggestions and
indicate whether this was applicable to HSLA, composites or both, covering all
application cases. Alongside they were asked to provide an initial judgement
about importance and data availability.
In this way the approach taken was a hybrid between a bottom-up and a top-
down approach: Whilst the fundamental objectives (minimisation of LCC, Risk
Assessment (RA) and Environmental Impacts (EI) were provided top-down (i.e.
identified early in the process and provided as requirement for the overall eval-
uation), the individual case study specific criteria were determined bottom-up
(identified by the stakeholders). This approach was taken in order to ensure that
the fundamental objectives were met, without overlooking the specific techni-
cal details that are important to the stakeholders and accordingly influence the
decision process. The full survey is attached in Appendix A.1.
The suggested criteria were collected and mapped to understand inter-dependencies
and how they relate to each other and the objectives. The extensive list of sug-
gested criteria is presented in Appendix A.2. They were condensed down to a
level which can be seen as providing an optimum level of detail: not too de-
tailed so as to be unfeasible but detailed enough to capture the complexity of
the problem and be beneficial to the end-user. This was in accordance with the
requirements of criteria to be complete, operational, non-redundant and minimal
(see Section 3.1.2). These criteria were called the Performance Indicators (PIs).
Subsequently, a set of environmental and risk related Key Performance Indicators
(KPIs) was established, which related the identified Performance Indicators (PIs)
to the fundamental objectives.
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Data collection and evaluation Data was collected through interviews and
questionnaires with stakeholders and experts that were addressed specifically at
the individual areas of expertise. Personal follow-up was done to capture some of
the nuances involved in the responses. Surveys and interviews were carried out
with the following experts, which together provided a high level of breadth and
depth that was judged as very valuable for the process.
• 3 people from ship yard (2 × technical, 1 × sales and economic experts)
• 6 material experts (3 × HSLA, 3 × composites)
• 2 people from technology provider (ship design)
• 1 person from classification body
Moreover, secondary data sources were used, such as available literature on HSLA
and composites as well as literature on LCC and management of ship struc-
tures.
Literature and expert data were compared to evaluate the reliability and consis-
tency of the different data sources. The stakeholders are experts in their respec-
tive fields, however there are some uncertainties with regard to the new materials.
The confidence in data was therefore evaluated alongside the data collection. The
data collection and evaluation is presented in detail in Section 4.2.
Life Cycle Cost and Performance Assessment (LCPA) The LCPA was
carried out as described in Section 3.3. The different alternatives were evaluated
with regard to their sustainability performance, compared to the baseline of con-
ventional steel. The analysis was split between costs, environmental impacts and
risk. For each of them the different life cycle stages were considered, broadly
categorised as Initial (I), Operation and Maintenance (O&M) and End of Life
(EoL) stage, as depicted in Figure 4.5.
The LCC was done on a quantitative basis. An initial LCC model for a ship was
developed based on literature values from Burman et al. (2006). The calculations
and values were adjusted, feeding in the MOSAIC findings. Additionally, further
estimates were requested from MOSAIC participants, especially from the shipyard
and design experts.
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The life cycle risks and environmental impacts on the other hand were assessed
in a semi-quantitative way, by evaluating relevant KPIs identified through the
stakeholder survey. Since some of the suggested PIs (such as material properties
etc.) impact on some of the others (especially the ones related to costs, envi-
ronmental impacts and risk), the evaluation was split between Performance and
Significance. The former provides a measure of how much better or worse the
alternatives perform on a specific aspect in comparison to the baseline, whilst the
latter defines how important these changes are with regard to the fundamental
objectives. Further details are provided in Section 4.3.
Sensitivity and uncertainty analysis The data collected in the LCPA was
analysed with regard to the sensitivity of the results towards individual factors
and the uncertainty attached to those that contribute most to the results. This
was done separately for LCC, EI and RA, looking at the sensitivities first and
refining the most sensitive factors for the uncertainty analysis, as explained in
detail in Section 4.4.
MCDA The cost, environmental and risk data from the LCPA was integrated
by using the MCDA framework proposed in Section 3.5. Details and results are
presented in Section 4.5. Figure 4.6 depicts how the framework introduced in
Figure 3.2 is applied to the case study. Based on the guidance by Rowley et al.
(2012), a Multi-Attribute Utility Theory (MAUT) approach was chosen for the
evaluation. The full results, including the consideration of the outcomes of the
sensitivity and uncertainty analysis, as well as a parametric investigation of the
influence of the weighting factors, are discussed in Section 4.5.
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Figure 4.6: MCDA approach (diagram adapted from Linkov & Seager 2011)
4.2 Data Collection and Evaluation
In this section, the details of the data collection and evaluation are presented
for the MOSAIC case study, covering the key aspects discussed in Section 3.2.
Section 4.2.1 provides an overview of how suitable PIs were determined from the
stakeholder survey. The subsequent sections present the data collected for HSLA
(Section 4.2.2) and composite material (Section 4.2.3).
4.2.1 Identification of Performance Indicators (PIs)
The criteria suggested in the stakeholder survey were collected and condensed by
combining aspects together that were named multiple times or that were very
similar, resulting in a set of so-called PIs. The extensive list of suggested criteria
is presented in Appendix A.2.
The next step was understanding inter-dependencies and how the PIs related to
the fundamental objectives. This proved to be more challenging than expected,
because PIs are highly inter-related and influence each other. An attempt for
structuring and mapping the PIs is depicted in Figure 4.7. The diagram depicts
one thing very clearly: the high degree of complexity and relationship between
the PIs.
The top layer provides some categories, depicted in blue, that influence the PIs,
namely material properties, manufacturing process and operating environment.
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Figure 4.7: Mapping of PIs inter-dependencies and relationship to fundamental
objectives
The interim level are the actual PIs, a condensed list of criteria that were sug-
gested by the stakeholders. The bottom layer depicts how the PIs relate to the
fundamental objectives. This helps to identify an appropriate set of relevant KPIs
for the LCPA.
In terms of PIs, there is a distinction between PIs that are related to actual
material properties (depicted in orange), intermediate PIs (depicted in purple)
and PIs that are related to specific actions or consequences throughout the ship’s
life cycle (depicted in green). The diagram also shows the preferred direction of
performance. A downwards arrow (↓) is used if the property should be minimised,
an upwards arrow (↑) if it is preferred to maximise the respective property. A
diamond (♦) is used if further specifications are required.
Further details were collected about the suggested PIs through interviews and
questionnaires that were targeted at the individual areas of expertise. The aim
was to capture information about all the proposed PIs. Moreover, the degree of
confidence about the values was captured alongside, to obtain an understanding
Case Study 104
about the uncertainties involved. Some of the PIs were identified as particularly
important for the application cases, accordingly the data collection was focussed
on these:
1. Availability and initial costs (including materials and manufacturing);
2. Potential weight savings;
3. Material and joint performance: base material, ease of joining, strength of
joints, failure behaviour (crack initiation and propagation), corrosion, fire
resistance;
4. Implications for the LCPA.
In doing so, it was aimed to achieve an understanding about the performance
of both alternatives compared to the baseline, as well as the confidence in the
evaluation. All of these were collected in a qualitative and, wherever possible, in
a quantitative way, based on the judgements provided by the experts.
4.2.2 HSLA Application Cases
The focus of this HSLA application cases was the investigation of using HSLA
inserts in areas with high stress concentration and potentially high crack initiation
and propagation. The current recommended procedure is to use a thicker insert
plate to reduce stresses and avoid crack initiation. In the MOSAIC project, the
possibility of replacing this thicker insert plate made of conventional steel by a
plate having an equal thickness of HSLA steel was investigated for representative
components.
4.2.2.1 Availability and Initial Costs
The different material options were assessed with regard to their initial purchase
costs and availability. Availability and lead time can be a significant factor for the
choice of material. Especially if there are several materials with similar properties
under consideration, availability within a certain time frame can become the key
criterion, since projects need to meet their envisaged time scales.
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The availability, lead time and price per tonne are shown in Table 4.2. The
figures are approximate numbers and are liable to change with market forces.
The materials under consideration seem, at the point of writing the thesis, to be
available both on small scale as well as for potential upscaling. For large scale
application the lead time is generally optimised to have the lowest prices in the
minimum lead time. Especially when large amounts are needed, steel factories
need to know the quantities a couple of months in advance to schedule their
production accordingly. Generally up to 20 % discount is applied for purchases
of large quantities of material (MOSAIC 2015e).
Table 4.2: Material price and availability of conventional steel and HSLA (MO-
SAIC 2015e)
Material Availability / lead time Price
Conventional
steel: AH36
1 week (for late and unpredicted requests)
up to 4 months (generally for large amounts)
650e/t
HSLA: S690 2 to 8 weeks (depending on amount of material) 1100e/t
4.2.2.2 Potential Weight Savings
The potential weight savings were calculated for the different application cases.
For the two HSLA application cases that are concerned with strengthening struc-
tural components, the weight savings are only marginal. For the first HSLA
application case however, the goal was to investigate the implications of using
HSLA as corner inserts for cruise ships bulkhead openings. In contrast to the
baseline (BL) of conventional marine steel, this implies that the inserts can be
made with a reduced plate thickness d, which consequently leads to a reduction
in mass M per opening. The details are given in Table 4.3.
Table 4.3: Material options for corner inserts (MOSAIC 2015d)
Option Grade Thickness Mass
d M
BL: Conv steel AH36 18 mm 97.7 kg
H1: HSLA S690 12 mm 65.2 kg
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If this is applied for a total number of openings n of 7 decks with 100 openings
per deck on each side, the total weight savings are therefore up to
∆MH1 = (MBL −MH1)× n
= (97.7 kg − 65.2 kg)× 7× 100× 2
= 45 500 kg = 45.5 t
(4.1)
Given that the empty ship structure of the cruise ship alone weighs 29 000 t,
this may not seem much. However, the replacement of corner inserts is only
one representative application case. In the future it is expected to replace other
components and thereby achieve further weight savings. Based on discussions
with the shipyard, it is expected that the reduction in plate thickness of 1/3 for
HSLA compared to conventional steel, as in the application case investigated, is
a representative figure and similar values will be applicable for the replacement
of other components for a similar ship structure.
∆MH1
MBL
= 0.333 = 33.3 % (4.2)
The consortium estimated that replacing conventional marine steel with stronger
and therefore thinner plate HSLA, can be expected for up to 25 % of the ship
structure (MOSAIC 2015e).
• Performance: Small improvements for weight savings for given application
cases with potential for upscaling to achieve much higher savings
• Confidence: High
Cost implications Decreasing the structural weight of a ship by using thinner
material can reduce the required propulsive power and hence the fuel consump-
tion. Alternatively, the payload can be increased, which is also beneficial from an
economic point of view. The amount of savings achievable through this MOSAIC
application case is relatively small, but the effect becomes much more noticeable
if additional components are replaced.
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Environmental implications Similar to the cost savings, there is potential
for emission savings if the fuel consumption decreases, in particular with regard
to emission of CO2, NOX and SOX . If instead the payload is increased, the
absolute emissions per journey would remain the same, but the emissions per
tonne transported would be reduced respectively. This illustrates that the choice
of functional unit for comparison can have a large influence on the perceived
benefits, which is particularly important when communicating the potential costs
and benefits of the new options to different stakeholders.
Risk implications Generally reduced weight can impact positively on the sta-
bility of the ship, particularly if it is topside weight at high altitude or further
towards the outside of the vessel. Both these cases apply to the HSLA applica-
tion case, because replacements are made at the higher deck structures and at
the outside of the ship. Since the calculated weight savings are only small, they
will not have a large impact from a stability point of view. If scaled up, the effect
will become more noticeable (MOSAIC 2015e).
4.2.2.3 Material and Joint Performance
HSLA was investigated because of the expected improved material properties,
particularly with regard to strength and toughness. Accordingly, these properties
were tested in the MOSAIC project. A summary of the results and the respective
implications on costs, risk and environmental impacts of replacing conventional
steel with HSLA is discussed in the following.
Strength and Toughness A summary of the results for tensile properties is
provided in Table 4.4. The minimum requirement for the yield strength of S690
is 690 MPa compared to 355 MPa for AH36 (according to their specifications)
but the actual values of both upper yield strength as well as ultimate tensile
strength (UTS) tend to be much higher. However the elongation to failure of
the S690 grade steel is significantly lower than the 22 % set in the standards for
AH36 and thus does currently not meet the elongation limit normally required
for shipbuilding applications (MOSAIC 2013).
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Table 4.4: Comparison of material properties for conventional steel and HSLA
(MOSAIC 2013)
Option Grade Min yield
strength
Upper yield UTS Elongation
to failure
Conv AH36 355 MPa (393.4± 3.4) MPa (524.4± 1.1) MPa (32.5± 1.3) %
HSLA S690 690 MPa (770.6± 3.0) MPa (805.1± 3.0) MPa (10.3± 2.0) %
Welding and joining to parent structure The performance of partially
implementing new materials depends, among other factors, on the quality of the
joints with the parent material. Different techniques for joining the HSLA to
the conventional steel structure were tested in the MOSAIC project. Traditional
welding techniques (laser and arc welding) were found to provide satisfactory
results in terms of fracture toughness and corrosion behaviour, comparable to
the performance of the base material itself and the welding of conventional steel.
Friction stir welding was tested as well, but proved unsuitable because of the poor
tool quality and because of the limitations with regard to the geometry of the
joints (MOSAIC 2015a).
• Performance: Equal performance to conventional steel for traditional
welding techniques
• Confidence: High
Failure behaviour (crack initiation & crack propagation) Conventional
steel and HSLA were tested for their fatigue crack growth behaviour. HSLA
showed improved fracture toughness and an improved behaviour with regard to
crack initiation, with generally higher values for the threshold of the stress in-
tensity factor ∆kthres in both weld metal as well as heat affected zone (HAZ)
(MOSAIC 2015e).
With regard to crack propagation there was a slightly mixed picture. The crack
propagation rate da
dN
for HSLA was generally very similar to the one for con-
ventional steel for specimens with the same geometry and dimensions. However,
for the application case under investigation, the thickness of the HSLA plate
would be less than the traditionally used conventional steel inserts, which have a
higher thickness. Therefore, assuming the same load cases apply, higher stresses
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can be expected for HSLA, which may cause faster crack propagation (MOSAIC
2015e).
The fatigue calculation by means of the S-N curves and the Palmgren-Miner
formula demonstrated that the insert plate in HSLA allowed obtaining a fatigue
life about 4.5 greater than in the case of an insert plate from conventional steel.
The comparison of the fatigue crack growth rate also demonstrated the superiority
of the HSLA configuration, where the crack propagated steadily from the initial
crack length to 10 mm, whereas in the configuration in conventional steel the
critical stress intensity factor was already overcome at the initial crack length
(MOSAIC 2015e).
Investigation of the other application cases also demonstrated that the use of
S690 can extend the fatigue life of the structures and offer superior fatigue crack
growth rate performance compared to the AH36 steel insert. However, additional
testing will need to be performed for confirmation due to scatter in the results
(MOSAIC 2015a).
• Performance: Slightly reduced crack initiation, but possibly faster crack
propagation if plate thickness is reduced
• Confidence: Medium - additional testing required
Corrosion Corrosion is one of the key concerns in shipping. Electrochemical
testing and accelerated weathering testing were conducted to investigate the cor-
rosion behaviour of S690 compared to AH36, including the corrosion in welded
joints. According to the results obtained, S690 exhibits lower corrosion suscepti-
bility than AH36. This applies not only to the material itself, but also the corro-
sion rate in the welds is similar to the S690 parent metal. The results obtained
from the accelerated corrosion tests were in full agreement with the electrochem-
ical experiments. In particular, the corrosion rate (mass loss) is 3.5 mm/year to
5 mm/year for the welded specimens and AH36, while the corrosion rate for S690
is slightly lower with 2.5 mm/year to 3 mm/year (MOSAIC 2015a).
Moreover, the corrosion products in S690 surface are strongly adhered to the
substrate and very difficult to be removed from the surface. This implies that the
Case Study 110
corrosion products create a strong ‘film’ on the material which impedes further
corrosion. The pattern of the corroded surface was investigated after the removal
of the corrosion products: for AH36 the surface showed shallow pits with a wide
diameter, while for S690 narrow slightly deeper pits were observed (MOSAIC
2015a).
The results from both electrochemical and accelerated corrosion testing indicate
that in general the corrosion performance of S690 is slightly better than that
of AH36. However, as regards the pattern of the surfaces, S690 presents more
intense pitting corrosion than AH36, which may be a major concern. The precise
pitting corrosion susceptibility needs to be evaluated by performing more specific
electrochemical experiments, focused on pitting corrosion (MOSAIC 2015e).
• Performance: Slightly better in terms of corrosion rate, but possibly issues
with pitting corrosion
• Confidence: Low - need further experiments
Fire resistance The structural integrity of HSLA in case of a fire is equal to
conventional steel.
• Performance: Equal performance to conventional steel
• Confidence: Very high
4.2.2.4 Implications for LCPA
The presented application case of manufacturing corner inserts from HSLA in-
stead of conventional marine steel is just one example. It was estimated by the
MOSAIC consortium that in the future up to 25 % of the ship structure could
benefit from implementing HSLA instead of conventional steel.
Cost implications The cost implications of replacing conventional steel with
thinner or HSLA structures are summarised in Table 4.5. Changes in purchase
costs and weight savings have been discussed above. With regard to fabrication,
it is expected that the same techniques can be used, however it may be required
to use stronger machines for manufacturing components (cutting, welding, etc.),
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which may result in additional purchase and manufacturing costs. Because of the
uncertainty about the corrosion performance, there may also be increased costs
for special coatings. All cost factors will moreover be influenced by the amount
of material required.
Table 4.5: Implications for LCC of replacing conventional steel with HSLA
LC stage Changes in costs Confidence
Initial Higher material costs Very high
Stronger machines required Medium
Higher costs for special anti-corrosive paints Low
O&M Small fuel savings due to reduced structural weight Medium
Increased inspection and maintenance efforts Medium
EoL Only if amount of material is reduced High
Environmental implications A number of drivers and incentives influence
the development towards more environmentally friendly shipping: Currently ship
owners and operators mainly aim to reduce emissions during the O&M stage and
are directing shipyards to implement measures that will enable them to meet
specific emission requirements. Low levels of CO2, NOX and SOX are specified
in the International Maritime Organization (IMO) emission standards for new
constructions (IMO 2008). In parallel, focus is on reducing drag and weight of
the vessel, with the HSLA application cases targeted on the latter (MOSAIC
2015e). The potential of reducing emissions through fuel savings because of a
more light-weight ship structure, is seen as an important contribution towards
more environmentally friendly shipping.
Risk implications Where conventional steel is welded to higher strength HSLA
steel, the weaker material is usually the dominant factor in design, hence it is im-
portant to consider both the performance of the joints as well as the performance
of the parent material. With regard to fatigue behaviour there is a mixed pic-
ture. HSLA is less prone to crack initiation; however the crack propagation rate
is similar to conventional steel. So if the plate thickness is reduced that leads to
higher stresses and hence a faster crack propagation which could become a prob-
Case Study 112
lem as there is less time to detect cracks before the structure fails. Moreover, the
elongation to failure of the grade S690 is lower than for AH36 and falls below
the 22 % set in the standards for ship building applications. The applicability
of these steels will depend upon the application case requirements for elongation
(MOSAIC 2015e).
Moreover, in the case of coatings’ failure, the risk of using S690 may be higher
compared to conventional steel because of its potentially higher susceptibility to
pitting corrosion, which causes crack initiation. The adhesion of the corrosion
products in S690 is higher than in AH36, but the confidence about the pitting
corrosion behaviour is low. Therefore, stress corrosion cracking test would be
required to provide more reliable conclusions (MOSAIC 2015e).
4.2.3 Composite Application Cases
Different types of composites were investigated, including Glass Fibre (GF) and
Carbon fibre (CF) composites, also called Carbon Fibre Reinforced Plastic (CFRP),
with different resin option, namely Epoxy Resin (ER) or Vinyl Ester (VE).
4.2.3.1 Availability and Initial Costs
The different composite options were assessed with regard to their initial costs and
availability. Similar to HSLA all materials under consideration seem available.
The cost figures are provided in Table 4.6. These are approximate numbers and
are liable to change with market forces.The final price for composites depends on
the ratios of fibre, resin and core material.
With regard to large scale applications, the following trends are expected: For
the resin systems a price drop of 10 % is expected, while the core material might
be about 20 % cheaper. It can also be expected that it is possible to reduce the
amount of material waste, which will further reduce the implementation costs.
The lead time is expected to be approximately the same as for small quantitities
(MOSAIC 2015e).
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Table 4.6: Material price and availability of composites (MOSAIC 2015e)
Material Availability / lead time Price
Conventional
steel: AH36
1 week (for late and unpredicted re-
quests) up to 4 months (generally for
large amounts).
650e/t.
Comp 1: CFRP
+ Divinycell foam
core
CF and resin systems are available lo-
cally (small quantities), no need for spe-
cial orders;
Core material needs to be pre-ordered,
lead time usually 7 to 10 days.
CF-ER composite: 61e/kg;
CF-VE composite: 55e/kg;
Core: 26e/kg;
Price depends on ratio of
CFRP and core weight.
Comp 2: CF-VE
skin + balsa wood
core
CF and resin systems are available lo-
cally (small quantities), no need for spe-
cial orders;
Core material needs to be pre-ordered,
lead time usually 7 to 10 days.
CF-VE composite: 55e/kg;
Core: 18e/kg;
Price depends on the ratio of
CF-VE and core weight.
Comp 3: GF-VE
composite
VE resin and glass fibres generally
available with a lead time of 3 days.
VE glass composite: 14e/kg.
ER glass composite: 20e/kg.
4.2.3.2 Potential Weight Savings
Application case 1: Bow enclosure In the first composite application case,
two versions of a bow enclosure for a 50 000 DWT Handymax tanker were in-
vestigated. The bow enclosure was modelled for steel and composites (CFRP
with Divinycell foam core) respectively. The estimated mass M is given in Ta-
ble 4.7.
Table 4.7: Material options for bow enclosure (MOSAIC 2015e)
Option Grade Mass M
BL: Conv steel AH36 60.645 t
C1: Composite CF layup 15.214 t
This translates to estimated weight savings of up to 75 % for using composites
instead of the baseline (BL) steel for this application. It has to be noted though
that this is a theoretical application case, as currently most vessels do not have
a bow enclosure.
∆MC1 = MBL −MC1 = 45.431 t (4.3)
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∆MC1
MBL
= 0.749 = 74.9 % (4.4)
Application case 2: Balcony overhangs In the second composite applica-
tion case the use of composites materials (CF layup with balsa wood core) for
balcony overhangs of cruise ships was investigated. An effective joint with the
steel structure is crucial, therefore different joint types were developed and com-
pared with regard to potential weight savings. The balcony overhangs extend
along 7 decks of superstructure, with an average length of 275 m on each side.
This leads to total length of overhangs of ltotal = 3850 m. Each balcony has
a length of approximately lBalcony = 2.263 m, therefore the total weight of the
balcony structures are calculated to
Mtotal = ltotal × MBalcony
lBalcony
(4.5)
The results are summarised in Table 4.8.
Table 4.8: Potential weight savings for composite balcony structures compared
to steel (MOSAIC 2015e)
Option Weight Weight savings
MBalcony Mtotal ∆MC2
∆MC2
MBL
BL Steel 277.6 kg 387.2 t − −
Comp 2A 208.1 kg 290.3 t 97 t 25.0 %
Comp 2B 175.6 kg 244.9 t 142 t 36.7 %
Comp 2C 203.4 kg 283.7 t 103.5 t 26.7 %
Weight savings are however not the only important factor that has to be taken
into account, but several other parameters influence the design. For this type of
structure the aim is to minimise deflection and stresses during use (i.e. when peo-
ple are standing on the balcony), whilst keeping the structural weight low. These
however are potentially conflicting objectives. Table 4.9 provides an overview of
the different options for the design of the overhangs and the options for joining
them to the steel structure.
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Table 4.9: Options for joining composite balcony overhangs to steel structure
and impact on deflection, stress and weight (MOSAIC 2015e)
Option Deflection Stress Weight
Use bracket + + + + −−
Overlap length ↑ + = +
Steel thickness ↑ + + −−
Skin thickness ↑ ++ = −
Core thickness ↑ + + + + + + −
For each option, a valuation of their effectiveness on the three measures ‘deflec-
tion’, ‘stress’ and ‘weight’ is provided. −−− stands for a very negative effect, =
means no change and +++ is for a very beneficial effect of the proposed solution
on the specific measure. This example shows that it is important not to reduce
the weight at all costs, but to keep a good balance with other aspects, especially
the ones related to structural integrity, in order to keep the risk of failure at an
acceptable level.
• Performance: Potentially large weight savings achievable (up to 75 %),
however this must not be done at the expense of structural integrity and
durability
• Confidence: High
Cost implications of weight savings Since the majority of ships currently
has no bow enclosure, the calculated weight savings for the bow enclosure are
only hypothetical. It should however improve aerodynamics and thus increase
fuel efficiency, but this effect is still uncertain. For the balcony overhangs there
are higher cumulative effects of weight savings, and hence some positive effect on
the operational costs can be expected.
In case of upscaling, and replacement of larger quantities of steel with composite
materials, the larger amount of weight savings becomes much more noticeable.
As discussed for the HSLA application case, this can be utilised either through
fuel savings or increased payload, either of which will have a positive effect on
the LCC.
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Environmental implications of weight savings As mentioned earlier, fuel
consumption was found to be the most important factor for the environmental
impact (Burman et al. 2015) and therefore a reduction in weight that leads to
fuel savings is highly beneficial in terms of reducing the environmental impact, in
particular with regard to the emission of CO2, NOX and SOX . For increased pay-
load, the environmental impact per tonne of cargo transported would be reduced,
respectively.
Risk implications of weight savings Generally reduced weight can impact
positively on the stability of the ship, particularly if it is topside weight at high
altitude or further outside. For the two composite application cases discussed,
the following risk implications apply:
The bow enclosure should improve aerodynamics and thus reduce drag, but this
effect is still uncertain and its effectiveness needs to be proven. Additional positive
effects of implementing a bow enclosure include that it provides shelter to the crew
while berthing the ship. Moreover, it can function as a wave breaker on container
ships, thereby reducing the impact of waves on the cargo.
Apart from the cost and environmental implications of weight savings, there is
also an impact on stability. For the balcony overhangs this effect is even more
relevant, because the weight is distributed outside and at height, which has a
positive impact on the stability of the ship. However, the effect is still fairly
small and not as significant as improvements in fuel efficiency.
4.2.3.3 Material and Joint Performance
Strength and Toughness The material properties of composites heavily de-
pend on the chosen materials as well as the appropriate design and manufactur-
ing technique, especially the fibre orientation. It is possible to achieve similar
strength and toughness with steel if manufactured in the right way. However,
there is currently less confidence about the long-term performance of composite
materials compared to steel (MOSAIC 2015e).
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Joining to parent structure Generally it is possible to create any shape of
composite materials, which grants a higher flexibility in design and for optimi-
sation. However the manufacturing process is also more complex and appropri-
ate expertise is required to ensure that the composite material is able to bear
the load. Vacuum bagging process results in materials with higher stiffness and
strength than hand lay-up, which can be explained by the higher fibre weight
fractions.
Hybrid joints with the steel structure are more complicated to design and install,
considering that both a composite-to-steel joint are required, (which is more
complicated by itself from welding or bolting) and then the steel adherent needs
to be welded to the rest of the steel structure. A direct comparison between
the joints of steel and composite material is difficult. In case of comparing the
joints between two parts with equal stiffness, then steel-to-steel joints (either
welded or bolted) would be stronger than their composite counterparts (MOSAIC
2015e).
• Performance: Joints slightly more difficult to manufacture and potentially
less strong
• Confidence: Medium
Failure behaviour (crack initiation & crack propagation) Regarding fail-
ure mode, the core of most of the specimens failed as a result of shear stresses
due to debonding between core and skin material. Since debonding appears to
be a major limitation for structural integrity composite strictures, techniques for
arresting the propagation of debonding should be thought of (MOSAIC 2015a)
to increase the durability of the material.
With regard to composite to steel joints, it appeared that using bolts did not
significantly affect the failure mode, but stopped the skin-steel interface from
debonding, thus increasing the fatigue life of the joint. Further experimental
studies are needed in order to better investigate the mechanical behaviour of
different types of joints and extend in this way the understanding of the key
mechanisms that affect their load bearing capacity and fatigue life (MOSAIC
2015a).
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Another concern was identified during inspection with Non-Destructive Testing
(NDT) and comparison with calibration blocks: Large scale diameter defects
were detected, whereas smaller diameter defects were not traceable. The spec-
imen’ surface was very rough and thus not ideal for contact ultrasonic testing.
Additional effort should be spent on identifying effective NDT techniques, so that
potential defects can be reliably detected (MOSAIC 2015a).
• Performance: Slightly worse
• Confidence: Low
Corrosion The advantage of using composites is that they are not susceptible
to corrosion. However if composite patches are applied on top of steel compo-
nents, there is a risk that corrosion might develop underneath the composite
patch and would therefore be more difficult to identify, as discussed above for the
identification of defects (MOSAIC 2015a).
• Performance: Significantly better for corrosion of main material, but sig-
nificantly worse if corrosion under patches occurs
• Confidence: High
Fire resistance As discussed in Chapter 1.1.3, the performance in the event
of a fire is a big concern when using composite materials, because they are less
likely to keep their structural integrity. Moreover, toxic vapours, such as noxious
fumes will be released in the event of a fire. Composites by their nature are
not fire resistant, polymeric materials that are in most cases currently applied
to ships have a tendency to be combustible and burn. Resins can be made
to be self-extinguishing, in which case the composite should not induce more
heat for propagation of the fire (MOSAIC 2015e). Fire protection (e.g. non-
combustible insulation or fire extinguishers) can be implemented, however they
add to the structural weight and thus reduce the advantage of using composite
materials.
• Performance: Extremely worse, depending on the materials used
• Confidence: Medium
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4.2.3.4 Implications for LCPA
The presented application cases of the composite bow enclosure and the bal-
cony overhangs represent two example structures, where the implementation of
composite materials is judged as promising in order to reduce the weight of the
ship structure. It is estimated that up to 25 % of conventional steel in the ship
structure could be replaced by composites in the future.
Cost implications Composite material is significantly more expensive per kg
than conventional marine steel. However, sandwich structures usually have 25 %
to 30 % less weight than the equivalent-strength stiffened-plates made of steel,
or even up to 75 % as in the case for the composite bow enclosure. Optimal
thickness of the core versus the thickness of the layup will vary for different size
and geometry of the structure and that will determine the final price.
Further training may be required for workforce to implement the composite so-
lutions. For example, for the Fincantieri shipyard this would imply costs for
training of around 20 to 30 workers. New facilities could be required for com-
posite manufacture, which adds additional expense. Applying modular sandwich
panels can achieve savings in building time because they can be easily mounted
on a construction site. Shorter building time leads to the reduction of labour
costs, which then makes the construction of the ship less expensive than in the
case of steel stiffened-panels (MOSAIC 2015e).
In the case of retrofitting (e.g. for the bow enclosure) extra work is required
compared to an installation on a new built ship. There is a need for additional
working hours spent on remodelling of the existing ship structure which is usually
unavailable, however needed for efficient design. That can be as high as 120 man-
hours. For the design of a bow enclosure when the ship structure model is present,
approximately 160 man-hours are needed. The loss of revenue while the ship is
not in service must also be included in the price of the investment for the existing
ships that would get a retrofit, while the installation of the bow enclosure on a
new built would not increase the build time. For the production of bow enclosure,
tooling moulds are needed, a price of a single mould can be as high as half of
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the price of the bow enclosure production (the price of the mould depends on the
shipyards technology). A single mould can be used several times, so if a series
of ships are to be made (which is beneficial anyway) the price of the design and
tooling is to be divided among them and as such lowering the capital investment.
Maintenance cost of a bow enclosure include periodic renewal of paint at the same
time as for the whole ship. No special paint is needed (MOSAIC 2015e).
Periodic checking needs to be carried out in order to ensure early observation
of any failure. Initially there is an investment in tools but those are not high.
Increased inspection effort is required to detect corrosion under composite patches
and joints, e.g. ultrasonic and acoustic emission techniques could be used if
demonstrated to reliably identify significant defects.
Moreover, there would be additional costs for scrapping and incineration of com-
posite parts at the end of the ship life and a reduction in revenue from steel scrap
if a substantial amount is replaced. Disposal costs for composites are unknown as
new technologies of recycling are being developed at the same time, and in such
it is unknown if a small revenue will be present, or the disposal will be only an
expense (MOSAIC 2015e). The cost implications of using lightweight composite
structures are summarised in Table 4.10.
Table 4.10: Implications for LCC of replacing conventional steel with composites
LC stage Changes in costs Confidence
Initial Higher material costs Very high
Additional costs for fire protection Very high
Training and new machines required Very high
O&M Significant fuel savings due to reduced structural weight High
Increased inspection and maintenance efforts Medium
EoL Higher costs for disposal Medium
Lower or no revenues for scrap Low
Environmental Implications A significant weight reduction can be achieved
by replacing steel with composite materials. However, additional environmental
impacts need to be considered, for example toxic vapours, ignition sources etc.
during the manufacturing stage. Additionally, composite materials cannot be
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easily recycled and generally go to landfill or incineration, which causes further
environmental impacts at their end of life (Hedlund-A˚stro¨m 2009).
Risk implications The possibility of corrosion under composite patches and
joints poses a significant challenge for inspection as it will not be detectible
through visual inspection only. Instead ultrasonic and acoustic emission tech-
niques look promising for monitoring damage initiation and damage growth un-
der composite patches. However it needs to be confirmed that these techniques
can detect corrosion below composite patches reliably.
The biggest health and safety risk of using composites is the uncertainty related
to their performance in the event of a fire (MOSAIC 2015e). Composites are less
likely to keep their structural integrity (SOLAS requires structures to sustain for
60 min). Additionally there will be a release of toxic vapours in the event of a
fire (i.e. noxious fumes), which are of great concern for the health and safety of
the passengers.
The application case of the bow enclosure implies some additional risks that
require consideration: A bow enclosure could strengthen the ship structure, but
if it takes structural loads, SOLAS requirements need to be considered (see further
discussion in Section 5.2). Moreover, it needs to be ensured that ship does not
stiffen up due to implementation of the bow enclosure. In order to prevent this,
the bow enclosure is designed to be able to flex, however further research is
required to gain confidence in this application (MOSAIC 2015e).
In any case for the implementation of composites some health and safety risks
remain simply because it is an untried technology. In order to overcome this,
there is a need for more realistic testing and quality control, also considering
different environments (such as temperature, lifetime, environmental factors etc.)
and further investigation of the long-term behaviour, to increase the confidence
in the durability of composite application cases.
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4.3 Life Cycle Cost and Performance Assess-
ment (LCPA)
Based on the data collected for the individual PIs, the LCPA was calculated ac-
cording to the methodology described in section 3.3. The goal of the LCPA was
to provide a quantitative evaluation of the costs and performance of the new ma-
terial solutions over the whole life cycle in order to provide a sound basis to decide
about their implementation. The results are presented in this section, beginning
with the LCC model (Section 4.3.1), followed by the EI model (Section 4.3.2)
and finally the RA model (Section 4.3.3).
4.3.1 Life Cycle Costs (LCC)
The LCC was performed as outlined in Section 3.3.1. Based on the cost impli-
cations identified for the different PIs that were evaluated in the data collection
stage, a set of cost related KPIs was established, as given in Table 4.11.
Table 4.11: LCC related KPI
LC stage ~C Cost related KPI
Initial C1 Initial costs (development, planning & design)
C2 Material costs
C3 Fabrication costs (joining materials, workforce skills)
O&M C4 Fuel consumption
C5 Maintenance costs
EoL C6 Recycling and disposal costs
C7 Revenues for scrap
A study by Burman et al. (2006) was used to determine the baseline for the LCC
of conventional steel. The Burman study is based on high speed ferries made
from marine steel, compared to light weight options made from aluminium or
composites. All values are given as Current Prices (CPs), which are subsequently
discounted to Present Values (PVs) by factoring in the corresponding discount
rate r = 4 % and inflation rate i = 2.5 % over the time t. The fuel costs are based
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on the price for Marine Gas Oil (MGO) of 207 US$/t, or 233e/t in 2002. The
assumed life time is t =25 years, with continuous operation.
The application case studies of this research (cruise ships, bulk carriers and
Handymax tankers) are bigger in scale and therefore the costs are in a differ-
ent order of magnitude. However, it was assumed that the split of costs over the
life cycle is comparable. The given literature values were converted into relative
values to determine the respective ratios.
Additionally, Fincantieri shipyard provided estimates for the split of initial costs
(planning & design, materials and manufacturing). The baseline split of costs
(in %) for conventional steel was hence based on the literature values, refined by
Fincantieri’s estimates for initial costs. Baseline factors are denoted as φk and
summarised in the baseline vector ~φ.
There are two types of constraints for the calculations, which are denoted in the
limiting vector ~λ. The first element is the maximum of conventional steel in the
ship structure that can be replaced by HSLA or composite materials, which was
estimated to be 25 %. The second one is the weight ratio of replacing conventional
steel with the new materials, which is another constraint that is determined by
the material properties. Since the limiting factors can be different for HSLA and
composites, they are denoted through ~λH and ~λC with the individual limiting
factors λHk and λ
C
k , respectively.
Subsequently, the LCC for HSLA and composite materials were calculated by
factoring in how much the baseline values change, which is denoted through ~δ.
Again, the changes can be different for HSLA and composite materials, hence the
material to which the changes apply are given as ~δH and ~δC with their change
factors δHk and δ
C
k , respectively. The general LCC model, however, applies to
both materials equally.
An overview of the different type of factors that contribute to the LCC model
is given in table 4.12. Baseline factors apply equally to the models for conven-
tional steel, HSLA and composites. Different limiting factors apply to HSLA
and composites, but they are not relevant for the baseline model of conventional
steel. The full list of factors is given in Table 4.13. The detailed description of
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the specific factors, their calculation and associated assumptions are provided in
Appendix B.1.
Table 4.12: Types of LCC factors
Type Applies to
Conv St HSLA Comp
~φ Baseline factors ~φ = ~φ = ~φ
~λ Limiting factors NA ~λH ~λC
~δ Change factors NA ~δH ~δC
Table 4.13: Summary of input cost factors ~f , calculations provided in Ap-
pendix B.1
~φ Baseline factors
φ1 BL initial costs / LCC 0.176
φ2 BL design / initial costs 0.040
φ3 BL material costs / initial costs 0.750
φ4 BL steel / material costs 0.080
φ5 BL manufact / initial costs 0.210
φ6 BL fuel costs / LCC 0.671
φ7 BL cost / weight savings 0.703
φ8 BL maintenance costs / LCC 0.153
φ9 BL inspec structure / total 0.270
φ10 BL disposal costs / LCC 1.40× 10−4
φ11 BL revenues / LCC 8.41× 10−4
~λ Limiting factors HSLA Composites
λ12 Max BL material replaced 0.250 0.250
λ13 Weight / weight BL material 0.667 0.250
~δ Change factors HSLA Composites
δ14 Change in design costs 1.00 1.00
δ15 Change in material price per kg 1.69 6.46
δ16 Change in manufacturing costs 1.05 1.11
δ17 Change in maintenance costs 1.05 1.10
δ18 Change in disposal costs 1.00 2.67
δ19 Change in revenues 1.00 0.00
Table 4.14 provides an overview about the qualitative evaluation of the cost fac-
tors included in the LCC model.
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Table 4.14: Summary of LCC (qualitative)
Initial costs O&M costs EoL costs
Conv steel Baseline Baseline Baseline
HSLA Higher material costs;
Training for workforce
(welding only).
Thinner materials: less
weight = fuel savings;
May need more regu-
lar inspections to detect
cracking and pitting cor-
rosion.
No changes.
Composites Higher material costs;
Training for workforce;
Additional measures to
prevent health and safety
issues during manufac-
turing; Additional fire
protection (structural so-
lution).
Lightweight materials =
fuel savings; May need
more regular inspections
to detect corrosion under
patches & joints.
Additional costs for
scrapping & inciner-
ation; Reduced rev-
enues (less metal
scrap).
These changes are captured in a quantitative way in the LCC model. As men-
tioned before, this is not based on the specific application cases, but on the
maximum amount of materials that can be realistically replaced in the near fu-
ture, as judged by the MOSAIC consortium. The LCC shall therefore provide an
approximate idea of the general trends.
The split of costs for conventional steel, HSLA and composites is given in ta-
ble 4.15 and depicted with a pie diagram in Figure 4.8 for conventional steel and
Figure 4.9 for HSLA and composites. The individual cost factors Cji provide
a measure of how much each type of cost factor contributes to the total LCC.
These are normalised to the baseline of conventional steel, clearly showing the
changes for HSLA and composites in some of the cost factors. Accordingly, the
sum of cost factors for HSLA and composites does not add up to 100 %, implying
potential savings in their LCC. The results can be interpreted as: If a reference
ship made entirely from conventional steel has an LCC value of x, the LCC of a
comparable ship with 25 % HSLA would be expected to be approximately 96.21 %
of x. The LCC of a comparable ship with 25 % composites, respectively, would
be expected to be approximately 91.55 % of x.
The values are provided with 2 decimal places, even though this level of precision
shall not reflect the confidence about the level of accuracy that can be claimed. As
discussed before, the LCC model shall provide sensible estimates about general
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Table 4.15: Results LCC model
Conv steel HSLA Composites
(baseline)
~CS (%) ~CH (%) ~CC (%)
Cj1 Planning & design 0.70 0.70 0.70
Cj2 Materials 13.21 13.24 13.37
Cj3 Tools, energy & fabrication 3.70 3.74 3.80
Cj4 Fuel consumption 67.13 63.20 58.29
Cj5 Maintenance costs 15.33 15.38 15.44
Cj6 Disposal costs 1.40× 10−2 1.29× 10−2 1.29× 10−2
Cj7 Revenues for scrap −8.41× 10−2 −7.71× 10−2 −6.31× 10−2∑
Cji LCC 100.00 96.21 91.55
trends, rather then precise predictions. Accordingly, a comparison based on the
orders of magnitude is appropriate. The operation and maintenance costs clearly
dominate the total LCC, with the fuel costs being the single most contributing
factor. In contrast, the cost factors at the end of life are about 1000 times less
important for the total LCC than the operational costs. A detailed discussion
about the confidence and uncertainty associated with some of the input factors
and the results is provided in Section 4.4.3.
The pie diagrams are labelled anticlockwise with regard to the order of the life
cycle stages. An additional green ‘slice’ depicts the savings potential of HSLA
and composites compared to the baseline conventional steel. It has to be noted
that the end of life costs and revenues are so small that they have been excluded
from Figures 4.8 and 4.9. This is due to the fact that all values are provided as
discounted cost factors, hence the impact of the cost factors at the end of life
becomes almost negligible.
The cost factors have been grouped into Initial (I), O&M and EoL costs, as
depicted in Figure 4.10. This aggregation shows that both HSLA as well as com-
posite materials show a small increase in initial costs, which can be explained
by the fact that higher purchase and manufacturing costs apply per kg, which
are partly offset by the fact that less material is required. In contrast, a signif-
icant reduction in O&M costs can be expected, mainly due to the reduced fuel
consumption. The proportion of EoL cost factors is so small that they are al-
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Figure 4.8: Pie diagrams for LCC of conventional steel
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Figure 4.9: Pie diagrams for LCC of HSLA (left) and composites (right)
most invisible in the diagram. For steel, the revenues for scrap at the end of life
are higher than the costs, resulting in negative EoL ‘costs’. These are however
reduced in case of the composite application case.
In order to display the relative trends, the three cost groups are each normalised
to the baseline of conventional steel. The normalised values are provided in
Table 4.16 and depicted in Figure 4.11. It has to be noted though, that the
operational costs have by far the biggest contribution to the LCC (as shown in
Table 4.15 and Figure 4.10). Therefore the total LCC are slightly reduced for
HSLA and even more so for composite materials, mainly due to the bigger fuel
savings.
A comparison between the ratios calculated with CPs and PVs, i.e. discounted
cost factors, showed only very minor differences of less than 0.3 %, if the same
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Figure 4.10: LCC cost factors, grouped per life cycle stage
Table 4.16: LCC cost factors, grouped per life cycle stage, normalised to con-
ventional steel
Conv steel HSLA Composites
(%) (%) (%)
Initial costs 100 100.45 101.52
O&M costs 100 95.30 89.40
EoL revenues 100 91.67 71.67
discount and inflation rates were applied as in Burman et al. (2006) The full
results are provided in Appendix B.1.
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Figure 4.11: LCC cost factors, grouped per life cycle stage, normalised to
conventional steel
4.3.2 Life Cycle Environmental Impacts (EI)
In order to assess life cycle environmental impacts of the proposed solutions,
a set of environmental related KPIs was established from the PIs presented in
Section 4.2. This was done based on evaluating the potential impacts of each PI,
as summarised in Table 4.17.
Table 4.17: PIs that are relevant for life cycle environmental impacts
Performance Indicator Impact on
Material strength Amount of material required
Formability & ease of joining Effort for manufacturing
Mass density Fuel consumption
Fire resistance Impacts of fire accident
Failure behaviour Maintenance & safety measures
Recyclability End of life impacts
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The qualitative evaluation for the environmental implications of replacing con-
ventional steel with HSLA and composites are provided in Tables 4.18 and 4.19,
together with a qualitative evaluation of confidence.
Table 4.18: Environmental implications of replacing conventional steel with
HSLA
LC stage Environmental implications Performance Confidence
Initial Amount of material required Marginally better High
Fabrication impacts Marginally worse High
O&M Weight = emission savings Marginally better High
Inspection & maintenance Marginally worse High
Impacts during fire accident Equal performance Very high
EoL Impacts disposal Marginally better Medium
Impacts recycling Marginally better High
Table 4.19: Environmental implications of replacing conventional steel with
composites
LC stage Environmental implications Performance Confidence
Initial Amount of material required Marginally worse High
Fabrication impacts Slightly worse High
O&M Weight = emission savings Significantly better High
Inspection & maintenance Slightly worse Medium
Impacts during fire accident Significantly worse Medium
EoL Impacts disposal Slightly worse Very low
Impacts recycling Significantly worse Low
Subsequently, a semi-quantitative assessment was applied, translating expert
judgement about the performance of each option into a quantitative score, with
the scales being agreed and communicated upfront. For the evaluation, conven-
tional steel was taken as the baseline, with a score of 100. HSLA and composite
materials were scored relative to this by assigning performance and significance
scores for each KPI as described in Section 3.3.2. This provides an evaluation
that is subjective to a certain degree, but it can be argued that it is transpar-
ent and based on detailed analysis and quantitative data, as described in the
previous section. For the performance score P ji the scoring system provided in
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Table 4.20 was agreed, and for the significance score Si the scoring system in
Table 4.21.
Table 4.20: Performance scores P ji assigned for relative changes of new material
option compared to conventional steel
Relative performance P ji
Extremely better 50
Significantly better 70
Sightly better 85
Marginally better 95
Equal performance 100
Marginally worse 105
Slightly worse 115
Significantly worse 130
Extremely worse 150
Table 4.21: Significance scores Si assigned for relative importance of KPI
Significance Si
Very High 5
High 4
Medium 3
Low 2
Very Low 1
Not significant 0
The environmental performance scores for conventional steel (P SE,i), HSLA (P
H
E,i)
and composites (PCE,i) are provided in Table 4.22, together with an evaluation of
the significance score Si for each KPI. The dashed line indicates the split between
environmental impacts in the initial, O&M and EoL stages.
Finally, the environmental performance per life cycle stage is calculated by mul-
tiplying the performance score with the normalised significance score S ′i. In this
way, the environmental performance of HSLA and composites is comparable with
conventional steel. Total environmental scores Ej are provided in Table 4.23 and
depicted in Figure 4.12.
The environmental impacts of using HSLA are lower compared to conventional
steel in all life cycle stages, mainly because the amount of material is reduced.
This leads to reduced impacts in the initial and EoL stage because less material
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Table 4.22: Performance scores P jE,i and significance score SE,i for environmental
KPI
Conv HSLA Comp Sign
KPI PSE,i P
H
E,i P
C
E,i Si
E1 Amount of material required 100 95 105 5
E2 Fabrication impacts 100 105 115 2
E3 Weight = emission savings 100 95 70 5
E4 Inspection & maintenance 100 105 115 2
E5 Impacts during fire accident 100 100 130 2
E6 Impacts disposal 100 95 115 3
E7 Impacts recycling 100 95 130 2
Table 4.23: Total environmental score Eji per life cycle stage
Conv steel HSLA Composites
ESi E
H
i E
C
i
EjI Initial score 33.33 32.62 35.95
EjO&M O&M score 42.86 42.14 40.00
EjEoL EoL score 23.81 22.62 28.81
needs to be treated. Moreover, the weight savings impact positively on the fuel
consumption, which leads to emission savings in the O&M stage. This is even
more significant for composites, which do however show increased impacts in the
initial and the EoL stages.
The semi-quantitative analysis for environmental impacts could be replaced by
applying a fully quantitative Life Cycle Assessment (LCA) study. It was found
that the results above were in good agreement with previous LCA studies on ships
(see Section 2.3.1.2 for further details), which also highlighted potential benefits
in the operational stage due to emission savings, if lighter materials are used and
consequently less fuel is burned. Nevertheless, a full LCA study could be applied
to refine the semi-quantitative evaluation in the future.
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Figure 4.12: Environmental score per life cycle stage
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Figure 4.13: Environmental score per life cycle stage, normalised to baseline
conventional steel
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4.3.3 Life Cycle Risk Assessment (RA)
Factors that impact on the life cycle risks are summarised qualitatively in Ta-
ble 4.24. Moreover, it is indicated whether these impact on the Probability of
Failure (PoF) or Consequences of Failure (CoF).
Table 4.24: Performance indicators that are relevant for life cycle health and
safety risks
Performance indicator Impact on
Ease of joining Quality PoF
Mass density → weight Stability PoF
Material strength Integrity PoF
Strength of joints Integrity PoF
Corrosion behaviour Integrity PoF
Failure behaviour Integrity CoF
Fire resistance Integrity PoF, CoF
The qualitative summary of the risk implications of replacing conventional steel
with thinner HSLA structures is provided in Table 4.25 and the risk implications
for using lightweight composite materials are summarised in Table 4.26. These
capture the aspects identified in Section 4.2 that relate to health and safety
risks, such as aspects related to manufacturing or operation, for example how
the material properties influence the structural integrity and thus the long-term
performance and durability. The confidence into the performance is assessed
alongside. As discussed in the methodology chapter, the performance score P jR,i
can be understood as capturing the relative changes in the likelihood of health
and safety risks, whilst the impact with regard to the CoF are captured through
the significance score.
A semi-quantitative assessment was carried out, similar to the one described for
environmental impacts. Again, conventional steel is given the baseline value of
100, and HSLA and composites are evaluated relative to this. The scale of the
scoring system is the same as for environmental impacts (refer to Table 4.20 for
performance scores and Table 4.21 for significance scores).
Accordingly, the risk performance scores for conventional steel (P SE,i), HSLA (P
H
R,i)
and composites (PCR,i) are provided in Table 4.27, together with an evaluation
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Table 4.25: Risk implications of replacing conventional steel with HSLA
LC stage Risk implications Performance Confidence
Initial Ease of joining: quality of joints Equal performance High
Health impacts manufacturing Equal performance High
O&M Weight savings: stability Marginally better High
Structural integrity: crack initiation Sightly better High
Structural integrity: crack propagation Slightly worse Medium
Structural integrity: corrosion of material Slightly worse Low
Structural integrity: corrosion at joints Equal performance Medium
Structural integrity: fire Equal performance Very high
EoL Health risks EoL Equal performance High
Table 4.26: Risk implications of replacing conventional steel with composites
LC stage Risk implications Performance Confidence
Initial Ease of joining: quality of joints Slightly worse Medium
Health impacts manufacturing Slightly worse High
O&M Weight savings: stability Sightly better High
Structural integrity: crack initiation Slightly worse Medium
Structural integrity: crack propagation Slightly worse Low
Structural integrity: corrosion of material Significantly better High
Structural integrity: corrosion under joints Significantly worse Medium
Structural integrity: fire Extremely worse Medium
EoL Health risks EoL Marginally worse Medium
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of the significance score SR,i for each KPI. The dashed line indicates the split
between initial, O&M and EoL risks.
Table 4.27: Performance scores P jR,i and significance score SR,i for risk related
KPI
Conv HSLA Comp Sign
KPI PSR,i P
H
R,i P
C
R,i Si
R1 Ease of joining: quality of joints 100 100 115 4
R2 Health impacts manufacturing 100 100 115 2
R3 Weight savings: stability 100 95 85 2
R4 Structural integrity: crack initiation 100 85 115 3
R5 Structural integrity: crack propagation 100 115 115 5
R6 Structural integrity: corrosion of material 100 115 70 3
R7 Structural integrity: corrosion under joints 100 100 130 3
R8 Structural integrity: fire 100 100 150 3
R9 Health risks EoL 100 100 105 3
The relative risk performance per life cycle stage is calculated by multiplying
the performance scores with the normalised significance score S ′i. The total risk
score Rj for each life cycle stage for conventional steel, HSLA and composites is
provided in Table 4.28 and depicted in Figure 4.14.
Table 4.28: Total risk score Rji per life cycle stage
Conv steel HSLA Composites
RSi R
H
i R
C
i
RjI Initial score 21.4 21.4 24.6
RjO&M O&M score 67.9 70.2 76.4
RjEoL EoL score 10.7 10.7 11.3
It can be observed that there are no additional risks of using HSLA in the initial
and EoL stage. The risks in the operation and maintenance phase are however
slightly increased. This is mainly due to the potential issues with pitting corrosion
and faster crack propagation, because of higher stresses if thinner plates are
used.
The risk of using composite materials however is significantly higher in all stages
and the confidence in the material performance is significantly lower, as there
is much less long-term-experience compared to using steel. Much more testing
upfront and quality control after implementation is required to reduce the risks
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Figure 4.14: Risk score per life cycle stage
associated with composites. In particular the issues associated with the risk of
a fire accident need to be addressed, but a lot of work has already been done in
this area in recent years. Another key aspect is the corrosion under joints and
patches, where better NDT techniques are required, which can reliably detect
such issues.
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Figure 4.15: Risk score per life cycle stage, normalised to baseline conventional
steel
4.4 Sensitivity & Uncertainty Analysis
The sensitivity and uncertainty analyses were carried out according to the method-
ology proposed in Section 3.4, in order to establish which factors have the highest
contribution towards the results and to identify the uncertainties associated with
these factors. In other words, and referring to Figure 3.7, to identify the factors
that represent potential key issues in the analysis.
4.4.1 Sensitivity Analysis of LCC Model
The sensitivity analysis for the LCC model was set up to investigate which factors
contribute most to the variability of each model, namely the baseline model (con-
ventional steel) as well as the two new material options (HSLA and composites).
This was approached with the methodology outlined in Section 3.4.1.1.
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In order to investigate those aspects numerically, the input factors were varied
one at a time by a certain percentage x and the impact on the LCC results was
analysed. Since the LCC model is linear, the variation of an input factor fk by
any given percentage leads to a linear variation of the results, with a constant
gradient mk. Therefore, the percentage variation considered does not influence
the result. For demonstration purpose a variation of ±200 % was chosen.
As discussed in Section 3.4.1.1, the hybrid gradient mk was seen as a suitable
measure for the sensitivity, because it relates the relative percentage changes of
the input factors to the absolute changes in the model outputs. mk was calcu-
lated according to Equation 3.18. Subsequently, the input factors were ranked
according to their sensitivity on the results.
The sensitivity analysis was not only undertaken numerically, by varying the
input factors one at a time and determining the variability of the outputs, but also
analytically by deriving the partial derivatives of the LCC expression according
to Equation 3.12. The full results are provided in Appendix B.2, as well as the
Visual Basic for Applications (VBA) scripts that were written to support the
analysis (Appendix B.4).
Sensitivity of Baseline Model The aim of the sensitivity analysis for the
baseline model was to identify the contribution of each factor towards the LCC
for conventional steel. As indicated in Table 4.12, the LCC model for conventional
steel only depends on baseline factors φk, hence only these were investigated. The
results are provided in Table 4.29, sorted according to the order of magnitude of
the sensitivity (calculated with the hybrid gradient mk, Equation 3.18).
The sensitivity of the baseline model (in other words the contribution of each
factor towards the LCC results) could alternatively be determined in a simpler
way: Since some of the input factors (namely φ1, φ6, φ8, φ10 and φ11) were
originally defined as ratios per LCC, their input values already provided the
sensitivity, as becomes apparent when comparing the values in Table 4.13 with
the results of the sensitivity analysis given in Table 4.29. The ratios of other input
factors (namely φ2, φ3 and φ5, which were originally defined per initial costs) had
to be scaled to the common denominator LCC by multiplication with φ1. This
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Table 4.29: Sensitivity of input factors for LCC baseline model
Rank Factor Gradient m
1 φ6 BL fuel costs 6.71× 10−1
2 φ1 BL initial costs 1.76× 10−1
3 φ8 BL maintenance costs 1.53× 10−1
4 φ3 BL material costs 1.32× 10−1
5 φ5 BL manufacturing costs 3.70× 10−2
6 φ2 BL design costs 7.04× 10−3
7 φ11 BL revenues −8.41× 10−4
8 φ10 BL disposal costs 1.40× 10−4
determined the contribution of these factors towards the LCC results, which was
again equal to the sensitivity, calculated with the hybrid gradient mk.
The fuel costs were found to have the highest sensitivity with regard to the base-
line LCC, followed by the initial costs and the maintenance costs. The factors
were compared by their order of magnitude: The highest contributing factor φ6
(fuel costs), was found to be 3 to 5 times more important than the factors φ1
(initial costs), φ8 (maintenance costs) and φ3 (material costs). Factor φ5 (man-
ufacturing costs) was almost 20 times less important than φ6 and all subsequent
factors were found to be 2 to 4 orders of magnitude less important than the most
important factor φ6. Only the factor φ11 (baseline revenues) had a minus sign,
which meant that, in contrast to all other factors, increasing this factor would
result in a decrease of LCC. A couple of baseline factors did not contribute to
the baseline LCC model, namely φ4, φ7 and φ9. However, since these were de-
rived from the same sources as the other baseline factors, they were nevertheless
notated in the same way.
Sensitivity of HSLA and Composite Materials As indicated in Table 4.12,
the LCC models for HSLA and composites were dependent on all types of input
factors fk: The focus of the analysis was set on the limiting factors λk and
the change factors δk, as these were identified as the factors that might vary. For
example, the amount of baseline material that can be replaced by the new material
options might increase in the future, or the different cost factors might change,
depending on economic development and market forces. The baseline factors φk
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on the other hand were used to relate λk and δk to the LCC. The factors φ4, φ7
and φ9 that had originally been notated as baseline factors, because they were
derived from the same source as the baseline model, were included as well. The
results are presented in Tables 4.30 and 4.31.
Table 4.30: Sensitivity of input factors on LCC for HSLA
Rank Factor Gradient m
1 λH13 Weight / weight BL material 8.15× 10−2
2 φ7 BL cost / weight savings −3.93× 10−2
3 λH12 Max BL material replaced −3.79× 10−2
4 δH17 Change in maintenance costs 1.09× 10−2
5 δH16 Change in manufact costs 9.71× 10−3
6 δH14 Change in design costs 7.04× 10−3
7 δH15 Change in material price per kg 2.98× 10−3
8 φ9 BL inspect structure / total 5.17× 10−4
9 φ4 BL steel / materials 3.39× 10−4
10 δH19 Change in revenues −1.40× 10−4
11 δH18 Change in disposal costs 2.34× 10−5
Table 4.31: Sensitivity of input factors on LCC for Composites
Rank Factor Gradient m
1 φ7 BL cost / weight savings −8.84× 10−2
2 λC12 Max BL material replaced −8.45× 10−2
3 λC13 Weight / weight BL material 3.38× 10−2
4 δC17 Change in maintenance costs 1.14× 10−2
5 δC16 Change in manufact costs 1.03× 10−2
6 δC14 Change in design costs 7.04× 10−3
7 δC15 Change in material price per kg 4.27× 10−3
8 φ4 BL steel / materials 1.63× 10−3
9 φ9 BL inspect structure / total 1.03× 10−3
10 δC18 Change in disposal costs 2.34× 10−5
11 δC19 Change in revenues 0.00
Another option is to visualise the gradients as depicted in Figures 4.16 and 4.17.
The variation of LCC is plotted as a function of the percentage variation x of the
most contributing input factor fk (gradient mk > 1× 10−3, as indicated by the
dashed lines in Tables 4.30 and 4.31). In both figures the baseline factors φk are
depicted with dash-dot lines, whilst limiting factors λk are depicted with dashed
lines and change factors δk are depicted with solid lines.
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Figure 4.16: Sensitivity of input factors on LCC for HSLA (LCCH)
Again the input factors were compared with regard to their importance, identified
by the order of magnitude of the sensitivity. The three most important factors
in both cases were the two limiting factors λ13 (weight ratio) and λ12 (max conv
steel replaced) and the baseline factor φ7 (cost per weight savings), even though
their ranking order varied between HSLA and composite materials. Any of these
three factors was found to be at least three times more important than all the
other input factors. However, if they were compared to the sensitivity gradients
of the baseline model, it could be observed that the four highest ranking baseline
factors were all at least 1.5 times more important than the highest ranking limiting
or change factor. The sensitivity gradients of the baseline factors for the LCC
models for HSLA and composites were found to be very similar to the ones for
conventional steel, with the full results provided in Appendix B.2.
Accordingly, it was concluded that the validity of the baseline model needed to
be investigated further. For all three LCC models, the same four input factors
were identified as contributing most to the sensitivity of the LCC model:
1. φ6: Baseline fuel costs,
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Figure 4.17: Sensitivity of input factors on LCC for Composites (LCCC)
2. φ1: Baseline initial costs,
3. φ8: Baseline maintenance costs,
4. φ3: Baseline material costs.
One factor that was not accounted for in the sensitivity analysis, is the assumed
lifetime of the ship structure. This is due to the fact that it is not an explicit
factor in the model, but incorporated in the baseline LCC model. However, it
is one of the key assumptions in the original model and thus has a large effect
on the results. Therefore, it should be investigated separately as to how much
it contributes to the high sensitivity associated with the baseline model factors.
This is discussed qualitatively in Chapter 5.
One more assumption that was incorporated in another factor is the fuel price,
which is contained within the baseline split of costs. The fuel price is a highly
volatile value and impacts significantly on the operational costs, and accordingly
on the total LCC. Thus, a discussion about the fuel price is also included in
Chapter 5.
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In the next step, the uncertainty associated with the most sensitive factors was
investigated, in order to gain more clarity about which factors are, or might be a
key issue (refer to Figure 3.7 in Section 3.4).
4.4.2 Sensitivity Analysis of Risk and Environmental Im-
pacts
The results for the sensitivity analysis for the EI model are given in Table 4.32.
Some factors input positively and some negatively on the results, but in contrast
with the LCC model, a negative factor actually represents better performance
because of the lower impacts compared to the baseline.
Table 4.32: Sensitivity of environmental KPI
KPI Sensitivity
HSLA Comp
E1 Amount material required −1.19 1.19
E2 Fabrication impacts 0.48 1.43
E3 Weight = emission savings −1.19 −7.14
E4 Inspection & maintenance 0.48 1.43
E5 Impacts during fire accident 0.00 2.86
E6 Impacts disposal −0.71 2.14
E7 Impacts recycling −0.48 2.86
The highest contributing factor in the initial stage for HSLA is the material
required. For composites, on the other hand, additional fabrication impacts are
higher. In the O&M stage, the emission savings due to the reduced weight are
dominant for both materials, with an particularly high impact of this factor in case
of composites. In the EoL stage, the contribution towards better performance for
HSLA can be explained by the fact that less material is required and therefore the
EoL impacts are reduced. It is assumed that no recycling is currently possible for
composite materials, instead all the material will be disposed, leading to higher
impacts at the end of life.
The results for the sensitivity analysis for the RA model are given in Table 4.33.
Similar to the environmental impacts, a minus sign represents an expected de-
crease in risks, which reflects a better performance.
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Table 4.33: Sensitivity of risk related KPI
KPI Sensitivity
HSLA Composites
R1 Ease of joining: quality of joints 0.00 2.14
R2 Health impacts manufacturing 0.00 1.07
R3 Weight savings: stability −0.36 −1.07
R4 Structural integrity: crack initiation −1.61 1.61
R5 Structural integrity: crack propagation 2.68 2.68
R6 Structural integrity: corrosion of material 1.61 −3.21
R7 Structural integrity: corrosion at joints 0.00 3.21
R8 Structural integrity: fire 0.00 5.36
R9 Health risks EoL 0.00 0.54
A number of factors do not influence the relative risk performance of HSLA
compared to conventional steel, due to very similar material characteristics. For
composites on the other hand there are much larger difference. The main con-
tributing factor, as discussed before, are the high risks associated in the event of
a fire, followed by the risks associated with the performance of the joints.
4.4.3 Uncertainty Analysis of LCC model
The results of the sensitivity analysis were used to prioritise the factors for the
uncertainty analysis, where the input factors with the highest sensitivity were
refined as discussed in Section 3.4.
4.4.3.1 Uncertainty in Input Factors
The four factors with the highest sensitivity gradients, and thus the highest in-
fluence on the results are:
1. φ6: Baseline fuel costs,
2. φ1: Baseline initial costs,
3. φ8: Baseline maintenance costs,
4. φ3: Baseline material costs.
These factors were provided not only as point estimates, but refined based on
literature values from the LCC studies introduced in Section 2.3.1.1. The in-
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put factors were modelled through triangular distributions, described by their
minimum, maximum and most likely values. The parameters for the triangular
distributions are summarised in Table 4.34. The respective diagrams and the
additional literature data on which the distributions are based are included in
Appendix B.3.
Table 4.34: Parameters of triangular distributions for refined baseline inputs
Factor Minimum Mode Maximum
φ6 BL fuel costs / LCC 50 % 69 % 88 %
φ1 BL initial costs / LCC 11 % 26 % 40 %
φ8 BL maintenance / LCC 2 % 10 % 17 %
φ3 BL materials / initial costs 11 % 65 % 75 %
4.4.3.2 Uncertainty in Outputs Factors
The Monte Carlo simulation was executed with n = 10 000 runs, using different
random numbers to model each input parameter and calculating the LCC results
for conventional steel, HSLA and composites accordingly.
The minimum number nmin of Monte Carlo runs was determined according to
Equation 3.25, based on Melchers (1999). Since the interest does not lie in ex-
act mathematical representation, but in providing approximate estimates for the
mean values and standard deviations, a probability of p = 0.25 and a confidence
level of L = 0.9 were chosen. The result has to be raised to the power of the
number of independent variables, (four), which results in a minimum number of
about nmin = 7200 runs. The actual number of Monte Carlo runs n = 10000
exceeds this minimum value and can therefore be judged as large enough, with
the output plots also showing relatively smooth curves. Additionally, the seeding
for the Monte Carlo simulation was recorded, allowing for the simulations to be
reproducible, if repeated.
The model was set up as a relative model for comparing the new material options
against a known baseline, with the baseline factors defined as different cost ratios.
Therefore, if any of the cost factors changes in a way that leads to a change
in the total LCC, this impacts on the other cost ratios as well. However, the
Case Study 147
baseline LCC is defined in such a way that the baseline split of costs always
needs to provide a total of 100 %. Therefore, the cost factors Ci,x need to be scaled
accordingly. This leads to the results for conventional steel being deterministic
(LCCS := 100 %); however, the performance of the alternative material options
are subsequently provided in a probabilistic format.
The scaling factors are provided below: In the most simple case, if the variable
input factor φk only occurs as a summand, which is given by
Ci,0 := 100 % =
Ci,x
1 + ∆φk,x
(4.6)
With φk,x and Ci,x defined according to Equation 3.11. However, since the factor
φ1 is also used as a multiplicator, the chain rule applies and the cost factors for
each Monte Carlo step are normalised with the expression given in Equation 4.7.
The derivation of this factor is provided in Appendix B.3.
Ci,0 =
Ci,x
1 + ∆φ1 + φ1∆φ3 + ∆φ1∆φ3 + ∆φ6 + ∆φ8
(4.7)
The frequency distributions of the results are depicted in a histogram (Fig-
ure 4.18) and as cumulative frequencies in Figure 4.19. The distributions can
be characterised statistically for example through mean and standard deviation,
or by providing the respective percentiles, as given in Table 4.35.
Table 4.35: Statistical description of results from Monte Carlo simulation of
LCC
Distribution Percentiles
µ σ 1% 99%
Conv Steel 1.000 0.000 1.000 1.000
HSLA 0.960 0.004 0.951 0.966
Composites 0.910 0.008 0.889 0.924
In accordance with the deterministic model, both HSLA and composites appear to
always outperform conventional steel. The distribution is slightly skewed because
not all inputs are provided as symmetrical triangular distributions. Two extreme
values of the distribution - the one percentile and the ninety-nine percentile were
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Figure 4.18: Histogram for Monte Carlo simulation of LCC
chosen to assess uncertainty captured through the output distribution. When
comparing these values, it can be observed that the uncertainties associated with
the variability in the four baseline variables can lead to variations in the LCC
results of up to about 3.5 %. Over the lifetime of the ship this can lead to sig-
nificant differences in the total estimated savings. It could also be observed that
the distribution of the LCC results for composites is wider than the distribution
for HSLA, reflecting a higher variability resulting from the associated uncertain-
ties.
4.4.4 Uncertainty Evaluation of Risk and Environmental
Impacts
The uncertainty evaluation for the results of the EI and RA model was done by
providing best case and the worst case scenarios. Therefore, the performance
scores P ji were varied according to the associated degree of confidence into their
performance. The scoring system was agreed with the stakeholders as given in
Table 4.36. It essentially provides the deterministic results ± an expected vari-
ation, depending on the associated uncertainty. The scale for the variations is
aligned with the scale for the performance scores, based on expected likely and
maximum variations. Alternatively, it is also possible to vary the performance
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Figure 4.19: Cumulative frequency distribution for Monte Carlo simulation of
LCC
scores by a certain percentage, with higher variations for lower confidence. How-
ever, there is not sufficient data or evidence to support the assumption of a fixed
percentage at this stage.
Table 4.36: Changes in performance scores ∆P ji assigned for confidence into
the value of the deterministic scores
Confidence ∆P ji
Very High 0
High ±5
Medium ±10
Low ±15
Very Low ±20
The results for the EI model are summarised in Table 4.37 and depicted in Fig-
ure 4.20.
The best case and worst case scenarios are compared to the deterministic re-
sults (see Table 4.23) and to the baseline of conventional steel. The percentage
variations are given in Table 4.38 and in Table 4.39.
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Table 4.37: Best case (BC) and worst case (WC) scenarios for environmental
scores
Scenario EI EO&M EEoL
Conv steel BL 33.33 42.86 23.81
HSLA BC 30.95 40.48 20.71
WC 34.29 43.81 24.52
Comp BC 34.29 36.90 24.52
WC 37.62 43.10 33.10
Table 4.38: Comparison of best case and worst case scenarios for environmental
scores with deterministic results
EI EO&M EEoL
HSLA ±5.1 % ±4.0 % ±8.4 %
Comp ±4.6 % ±7.7 % ±14.9 %
For both new material options the potential variations compared to the deter-
ministic results are highest in the EoL stage, which can be explained with the
increasing uncertainty associated with decisions that occur later in the life cy-
cle.
Table 4.39: Relative changes of best case (BC) and worst case (WC) scenarios
for environmental scores, compared to baseline conventional steel
Scenario EI EO&M EEoL
HSLA BC −7.1 % −5.6 % −13.0 %
WC +2.9 % +2.2 % +3.0 %
Comp BC +2.9 % −13.9 % +3.0 %
WC +12.9 % +0.6 % +39.0 %
When comparing the scenarios to the baseline of conventional steel, the best case
scenario provides a small improvement in the majority of cases, for example a
reduction of the environmental score for HSLA of 5 % to 13 % in the different
stages. For composites an improvement is only achievable in the O&M stage (up
to 14 % reduction), but in the initial and EoL stage an increase of about 3 % of
the environmental score is expected, even in the best case scenario.
The worst case scenarios show potential small increases (up to 3 %) in the envi-
ronmental scores in all stages for HSLA, but much higher effects for composites,
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Figure 4.20: Best case (BC) and worst case (WC) scenarios for environmental
scores, relative to baseline (BL) conventional steel
in particular in the EoL stage, with up to almost 40 % increase. However, the
environmental scores in the O&M stage, which is the dominant stage in the life
cycle, are still comparable to the baseline for both new material options with an
expected worst case increase of only 2 %.
The results for the best case and worst case scenarios of the RA model are sum-
marised in Table 4.40 and depicted in Figure 4.21.
Table 4.40: Best case (BC) and worst case (WC) scenarios for risk scores
Scenario RI RO&M REoL
Conv steel BL 21.43 67.86 10.71
HSLA BC 20.36 64.82 10.18
WC 22.50 75.54 11.25
Comp BC 22.86 69.64 10.18
WC 26.43 83.21 12.32
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Figure 4.21: Best case (BC) and worst case (WC) scenarios for risk scores,
relative to baseline (BL) conventional steel
Again, the best case and worst case scenarios are compared to the deterministic
results (see Table 4.28) and to the baseline of conventional steel. The percentage
variations are given in Table 4.41 and in Table 4.42.
Table 4.41: Comparison of best case and worst case scenarios for risk scores
with deterministic results
RI RO&M REoL
HSLA ±5.0 % ±7.6 % ±5.0 %
Comp ±7.2 % ±8.9 % ±9.5 %
The percentage variation of risk scores compared to the deterministic scores is
in a similar order of magnitude as the variation of environmental scores. The
percentage variation is slightly higher for composites in every life cycle stage, re-
flecting a higher uncertainty due to the fact that the technology is less established
than HSLA
In comparison to the baseline, the best case scenarios for HSLA show some im-
provements in all stages with a potential reduction of the risk score of up to
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Table 4.42: Relative changes of best case (BC) and worst case (WC) scenarios
for risk scores, compared to baseline conventional steel
Scenario RI RO&M REoL
HSLA BC −5.0 % −4.5 % −5.0 %
WC +5.0 % +11.3 % +5.0 %
Comp BC +6.7 % +2.6 % −5.0 %
WC +23.3 % +22.6 % +15.0 %
5 %. Similar to the environmental scores the best case scenarios for composites
show some higher scores than the baseline, indicating that no improvement can
be expected in these stages.
Again, the O&M stage is the dominant stage of the life cycle, and the worst
case scenarios indicate significant potential increases in this stage of up to 11 %
increase for HSLA and up to 23 % for composites. This reflects the number and
the significance of the potential issues associated with the low confidence in some
performance aspects, especially in the O&M stage for composites.
4.5 Multi-criteria Decision Analysis (MCDA)
The MCDA methodology has been outlined in Section 3.5. The details and results
are presented in this section.
4.5.1 Choice of MCDA approach
The MCDA was chosen according to Rowley et al. (2012) and Cinelli et al.
(2014), who provided guidance for the choice of aggregation logic, based on an
assessment of the decision context and characteristics.
• Decision maker: The decision maker is currently a group of stakeholders,
trying to understand if it is worth further investing and investigating into
different new material options for ship structures. It is assumed that this
group is representative of the values expressed within the group. In gen-
eral, the decision maker might change, for example, consisting only of the
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shipyard wishing to make an informed decision about which materials to
choose. In such a case the representativeness of this role might need to be
reconsidered.
• Decision context: The decision objectives, alternatives and criteria have
been discussed above. So-called constructed attributes (LCC, environmen-
tal impacts and risks) are used to evaluate the performance of the alterna-
tives. These are based on stakeholder inputs. The problem is classified as a
description problematic (determine performance of alternatives in relation
to criteria set and preferences), but ultimately it might become a choice
problematic (choosing the most suitable alternative).
• Criteria characteristics: Currently, no thresholds are given for any cri-
teria, however it can be envisaged that this might in general change. For
example, thresholds may be applied in order to screen out options with
unacceptable high risk or costs.
• Criteria weights: It is possible to assign cardinal weights to the differ-
ent criteria. For costs this is straight forward, whereas for environmental
impacts and risks this can be done through expert elicitation.
• Approach: Since the problem is classified as a description problematic,
an hierarchical approach, such as Analytic Hierarchy Process (AHP), is not
sufficient and an interactive multi-criteria analysis method is not feasible,
because stakeholders are not available on an ongoing basis.
• Type of aggregation logic: A compensatory aggregation scheme was
judged suitable, which implies a ‘weak sustainability’ concept, where low
performance on one criterion can be compensated by good performance on
others. In general, this might change, in order to introduce non-compensability
on key criteria.
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4.5.2 MCDA matrix
The material alternatives for the MCDA matrix introduced in Section 2.2 are
defined as
X¯ =
A0 = Conv steel
A1 = HSLA
A2 = Composites
(4.8)
In order to provide the total life cycle score for each performance measure, a
weighting of the life cycle stages relative to each other is required. For LCC
this is not required, because the split of costs essentially provides an embedded
weighting. For the results of EI and RA, a so-called internal weighting is required,
quantifying the relative importance between the lfie cycle stages. For an initial
evaluation, the cost ratios (i.e. between initial, O&M and EoL costs) are used as
weighting factors. This can be justified by the fact that generally a similar trend
applies to the spread of EI, compared to the spread of LCC (see e.g. Schmidt
& Watson 2014, Burman et al. 2015), with fuel consumption as the dominating
factor. For health and safety risks again the O&M stage is seen as the dominant,
therefore the same weight ratios are applied.
4.5.3 Results
The results are provided for the deterministic LCPA results first (based on Sec-
tion 4.3) and subsequently refined in order to accommodate the outcomes from
the sensitivity and uncertainty analyses (Section 4.4).
4.5.3.1 Deterministic Inputs from LCPA
For example, if all three scores are normalised to the baseline value of 100 and
equal weights are applied for the deterministic LCC estimates, the results are pro-
vided in Table 4.43. This means that in the case of equal weights, the performance
of both HSLA as well as composites is marginally better than the performance
of conventional steel, hence the recommendation could be that the use of either
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of those would be beneficial compared to conventional steel, with HSLA slightly
outperforming composites.
Table 4.43: MCDA results for equal weights, based on deterministic approach
LCCj Ej Rj Total T j
wi 1 1 1
w′i 0.33 0.33 0.33
Conv steel 100.00 100.00 100.00 100.00
HSLA 96.21 98.26 103.20 99.23
Comp 91.55 95.41 112.78 99.91
4.5.3.2 Conservative Inputs from Sensitivity and Uncertainty Analy-
sis
Instead of considering the deterministic results only, which can also be seen as
based on mean estimates, the outcomes of the sensitivity and uncertainty anal-
ysis were considered to provide better estimates for the MCDA. Generally, the
conservative estimate is of high interest in order to obtain a good understanding
about the likely performance in case the alternatives are not able to meet all the
expectations. Therefore, a conservative value was chosen for the LCC results,
namely the 95-Percentile, and worst case estimates were provided for EI and RA
results. The results are given in Table 4.44.
Table 4.44: Conservative MCDA results for equal weights, informed by sensi-
tivity and uncertainty analysis
LCCj Ej Rj Total T j
wi 1 1 1
w′i 0.33 0.33 0.33
Conv steel 100.00 100.00 100.00 100.00
HSLA 96.47 102.31 110.92 103.23
Comp 92.18 102.32 122.67 105.73
The differences between the total scores for the deterministic model and the con-
servative model, informed by the sensitivity and uncertainty analyses are depicted
in Figure 4.22. Even though the deterministic total scores indicated a marginally
better performance of both HSLA as well as composites compared to conventional
steel, the conservative approach shows that the performance of both alternatives
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could be significantly worse. This is because of the increasing influence of uncer-
tainty, which is typically associated with novel or less tested options.
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Figure 4.22: Comparison of total score T j for deterministic and conservative
MCDA results
4.5.3.3 Analysis of weighting factors
Subsequently, the variation of the weighting factors was analysed, as described in
Section 3.5.2. This is depicted for the deterministic results of the two alternatives
HSLA (Figure 4.23) and composites (Figure 4.24). The variation of the weight
fractions wE
wC
and wR
wC
are depicted on the x- and the y-axis (both in a logarithmic
scale) and the resulting total score T j is depicted as a surface plot, with its value
given on the z-axis.
The baseline of conventional steel (score = 100) is depicted as a plain grid surface
within each diagram. The green surface represents areas with a total score lower
than the baseline of 100, whilst the red surface represents a higher total score.
The diagrams show that lower total scores are achievable if the weight for risks is
low, and particularly if the weight for environmental impacts is high, compared
to the weight for costs. Whilst the plots show the same shape for HSLA and
composite, the variations between minimum and maximum differ significantly.
Composites show the potential to outperform conventional steel by much more
than HSLA (lower minimum score), but there is also a chance of achieving a much
higher score, which reflects a significantly worse performance.
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Figure 4.23: Total score TH for HSLA, depending on weight ratios
The variation of the weighting factors was also analysed for the conservative
estimates, as depicted in Figure 4.25 and Figure 4.26. The same trends apply as
for the deterministic results, however the green areas are smaller in both cases,
hence it is only possible to reach a lower score compared to the baseline if the
risk weight is low and the environmental weight is high, compared to the weight
for costs. Moreover, the minima for both HSLA as well as composites are slightly
higher compared to the deterministic approach, whilst the maxima, that is the
worst case scenarios, are significantly higher in both cases. This is due to the
more conservative approach, which is expected to be applied by a more risk-
averse decision maker.
As mentioned in Section 4.4, the conservative estimates intend to capture the
uncertainty associated with the assumptions. For life cycle approaches, the as-
sociated uncertainty is particularly large, accordingly it can be expected that
applying only conservative estimates, will not likely lead to the recommendation
of implementing new (and thus potentially risky) material options. Instead of
solely focussing on conservative estimates, decision makers that are striving for
innovation should also take into account the potential of the new options (deter-
ministic and best case scenarios) and aim to understand where the key uncertain
aspects are, which differentiate the outcomes of the scenarios.
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Figure 4.24: Total score TC for composites, depending on weight ratios
The proposed methodology and framework enable the decision maker to evaluate
different scenarios depending on their priorities and risk appetite, and thus help
them to obtain a good understanding of the life cycle implications of choosing
different material options and the key issues associated with each option.
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Figure 4.25: Total conservative score TH for HSLA, depending on weight ratios
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Figure 4.26: Total conservative score TH for composites, depending on weight
ratios
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4.6 Conclusions of Chapter 4
This chapter demonstrated the methodology presented in Chapter 3 through a
case study in the shipping sector. The aim of the case study was to provide
rational decision support for the implementation of different material options
(HSLA and composite materials) to replace conventional steel in the ship struc-
ture. Therefore, the proposed framework was applied, with the overall approach
described in Section 4.1. This involved, among others, the collection of data from
literature and experts on relevant aspects.
The outcomes of the data collection for the case study material options were
presented in Section 4.2, highlighting key aspects identified by the stakeholders
(shipyards, ship operators, material scientists, laboratories and a classification
body). Very different types of aspects were mentioned, which can be explained
by the different perspectives and viewpoints of the stakeholders, depending on
their areas of expertise. Accordingly, the data collection covered a variety of
aspects, ranging from material properties to life cycle implications for costs, risks
and environmental impacts.
The data collected was used to inform the LCPA models for the case study,
with the details provided in Section 4.3. Whilst the new material options showed
slightly increased initial costs and reduced EoL revenues compared to the baseline
of conventional steel, these were found to be offset during the O&M stage. For
environmental impacts, significant reductions in the O&M stage were observed
as well, stressing the potential of the new material options not only from an
economic, but also from an environmental point of view. However, a different
trend was found for risk related aspects, with the health and safety risk for the
new material options significantly higher than for conventional steel.
The deterministic results of the LCPA models were further analysed in Section 4.4
through sensitivity and uncertainty analyses. This was done to establish which
factors represent key issues, showing a high contribution and uncertainty. For
the LCC model these factors were refined through probabilistic distributions and
for EI and RA models through worst case and best case scenario analyses.
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The results of the preceding sections were used as inputs for the MCDA, as pre-
sented in Section 4.5. A high degree of uncertainty was associated with the new
solutions, especially with the performance of composites. This led to lower overall
performance scores, if a conservative perspective was applied. Moreover, it was
observed that the results were highly dependent on the chosen weighting factors;
therefore, these were investigated in a parametric way. This established that in
order to achieve a comparably better performance of the new material options,
further effort needs to be targeted towards increasing the confidence in the mate-
rial performance and decreasing the risks of failure. Therefore, it is recommended
to focus on measures for improving corrosion detection and corrosion protection
and furthermore measures for protecting the ship against structural failure in the
event of a fire, if composite materials are implemented.
All this was done bearing in mind that stakeholders with different points of view
could apply the framework. Depending on the perspective, the approach can be
used in different ways: For example an environmental concious decision maker
could put priority on the aspects related to EI, whilst the H&S executive could
place higher weights on aspects that are related to health and safety risks. More-
over, decision makers might want to choose conservative estimates, depending
on how risk-averse they are and to what extend they wanted to factor in uncer-
tainty.
The presented approach is therefore useful for the decision making process in a
number of ways:
• It provides quantitative results for LCC, environmental impacts and risk
aspects, which helps to understand and communicate the potential and
trade-offs between these aspects;
• It gives a clear understanding of the uncertainties involved and how they
influence the expected range of results;
• It provides an overall evaluation (final score), which takes into account the
priorities of the decision maker as well as their attitude towards risks;
• It shows how changes in priorities or risk attitude can change the final
result;
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• It highlights focus areas, where uncertainties and accordingly risks can be
decreased in order to achieve an overall better result with a higher confi-
dence.
A number of assumptions have been incorporated in the approach, which have
been highlighted clearly. Reflections on some of the assumptions and other lessons
learnt are presented in the next chapter, together with a discussion about the next
steps for industrial implementation of the case study materials and transferability
of the methodology to other case studies.
Chapter 5
Reflections on the Methodology and
its Application
‘As far as the laws of mathematics refer to reality, they are not certain; and as
far as they are certain, they do not refer to reality.’
(Albert Einstein)
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This chapter presents some reflections and learning outcomes based on the devel-
opment of the methodology and its application to the case study presented in the
previous chapters. In Section 5.1 of this chapter, lessons learnt are presented, also
highlighting directions for future research. In Section 5.2, the steps of the specific
application cases towards industrial implementation are outlined. In Section 5.3
the transferability of the approach to other case studies, within and beyond the
shipping sector, is discussed.
5.1 Reflections on Lessons Learnt
A number of challenges were encountered during the development of the approach
and the application to the case study. An iterative approach has been adopted,
starting with the development of the methodology in a generic way and refining
it according to the needs of the case study. The general philosophy has been
demonstrated, which could be transferable to other case studies. However, local
adjustments are necessary, as discussed in the following, first with regard to the
methodology and secondly with regard to the case study application.
5.1.1 Lessons Learnt from the Development of the Ap-
proach
5.1.1.1 Generic Framework versus Specific Guidance
In developing a new framework or tool, there is always a trade-off between a
generic approach, which may be applicable in various contexts, and a case-specific
approach, that provides more detail and structured guidance, but may be less
applicable in a different context. In the case of the research presented in this
Thesis, the intention was to develop a multi-criteria decision support framework
in a generic way, so that it could provide systematic guidance applicable to dif-
ferent case studies. Accordingly, the sequence of steps were set up, similar to
the steps presented in Figure 3.1. Subsequently, the framework was applied to
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the case study of the project Materials On-board: Steel Advancements and Inte-
grated Composites (MOSAIC) and developed in greater detail, to provide specific
decision support. In doing so, a refined approach has been developed, which has
been amended in scope and focus in order to provide maximum benefit for the
case study.
In this Thesis, an attempt has been made to satisfy the interests of those inter-
ested in the generic approach as well those interested in the details of the case
study application. Accordingly, the framework has been presented in Chapter 3
in a generic way, independent of the case study. The broader scope refers to
decision support for sustainable material selection and the aspects described in
that chapter can be applied to different case studies within that scope.
In order to move from a generic framework to specific tools and guidance, a
number of challenges had to be addressed, including challenges related to data
availability, types of data and confidence in available data. In order to address
the challenges linked to the case study (presented in Chapter 4) satisfactory, the
collection of relevant and specific data was required, which was heavily influenced
by stakeholder inputs and expert judgements.
It is possible to transfer the generic methodology described in Chapter 3 to other
case studies. The details provided in Chapter 4 can provide useful guidance.
Commonalities and differences with other case studies are discussed in Section 5.3.
Based on the experience from developing the methodology, the collection of case
study specific relevant data is judged as foremost priority when applying the
methodology to further case studies.
5.1.1.2 Recommendations for Model Refinement
In order to enable sustainable decision making, combining typically non-commensurate
objectives, it is required to consider different sustainability aspects, financial and
non-financial, with varying influence in different life cycle stages. The proposed
Multi-Criteria Decision Analysis (MCDA) is one possibility to approach this in a
structured way. Recommendations on the applicability of the model are discussed
in the following.
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Fundamental objectives Minimisation of Life Cycle Costs (LCC), outcomes
from Risk Assessment (RA) and assessment of Environmental Impacts (EI) have
been identified as the fundamental objectives in order to provide systematic guid-
ance to support the selection of sustainable materials. Other case studies may
have different priorities and hence possibly different objectives, which can still be
included in a similar way to the methodology presented in Chapter 3. However,
the scope of this Thesis is limited to these three objectives, as they are both
fundamental and intrinsic in addressing sustainable material selection.
Relative evaluation The evaluation is set up as a comparative assessment.
Such an approach has advantages over an absolute approach if some of the stake-
holders are not experts, as it is easier to convey the results from changes that
need to be considered. Absolute values may be more meaningful for a specific case
study, but they are also more difficult to obtain. Therefore, it is recommended
that absolute data is provided where available, which should serve as a sound
justification for a relative assessment based on these values.
Weighting Weighting and prioritisation are required at different stages of the
model. This includes weighting of the life cycle stages relative to each other and
also weighting the importance of the fundamental objectives (minimisation of
LCC, risks and environmental impacts). Any such weighting may induce subjec-
tivity and human biases. Therefore, a way to analyse the impact of the weighting
factors on the final results has been proposed in Section 3.5.2. Further refinement
of the internal weighting for the different life cycle stages could be introduced
within the proposed framework.
Interdependence The interconnectivity between the different Performance In-
dicators (PIs) has been discussed in Section 4.2.1. The Key Performance Indica-
tors (KPIs) are treated as if they were independent, even though they are related
through the PIs. For example, one PI may be highly relevant for the health and
safety risk performance, triggering actions that will also impact on the environ-
mental and cost performance. It could be argued that such a case might lead to
Reflections on the Methodology and its Application 168
double counting. Nevertheless, it may be justified on the grounds that it reflects
the high importance of this aspect.
MCDA approach The methodological choice of the MCDA approach also in-
fluences the results. Therefore, it might be of interest for future research to
explore the influence of using other MCDA techniques, for example hierarchi-
cal approaches, such as Analytic Hierarchy Process (AHP) or Analytic Network
Process (ANP). This can be particularly of interest if the context changes, for
example from a description problematic to a choice problematic. For the given
context however, the selection of the Weighted Sum Method (WSM), a Multi-
Attribute Utility Theory (MAUT) approach, was judged as most appropriate, as
justified earlier.
Another area for future work might be to extend the MCDA into a fully prob-
abilistic approach, not only looking at worst case and best case scenarios, but
considering different confidence requirements and prioritisation on the aspects
of greatest interest to the stakeholders. This could become more relevant if ad-
ditional data about these aspects becomes available and can be integrated into
the models. Dependant on the type of data and level of detail, additional com-
putational techniques may be required, such as variance reduction methods for
computationally efficient Monte Carlo simulation (Melchers 1999).
5.1.1.3 Treatment of Data and Uncertainty
Different types of data One of the key contributions is the development of
ways to measure certain criteria that are not easily quantifiable. Also devel-
oped was a method for combining quantitative data with qualitative or semi-
quantitative data, to be able to present a complete picture to the decision maker.
Another important feature is the way in which variance and uncertainty in the
data available were handled.
Some types of data, for example cost-related data, correspond to information
obtained at the time of writing the Thesis. Such data must be seen only as
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approximations and are subject to changes in the market forces. It is hoped that
future research can build on this work and refine both models and data.
Model and data uncertainty The uncertainty analysis presented in this The-
sis has been focussed on data uncertainty, because this was seen as having the
highest impact. Sensitivity analysis has been carried out to identify the key
contributing factors, which subsequently have been refined through detailed un-
certainty analysis.
Other aspects that could be investigated in the future are the impacts of model
uncertainty. The relationship between model framework uncertainty and data un-
certainty was presented by EPA (2009a). It was argued that when models become
more complex, to include more details and the relationship between different pa-
rameters, they require more input variables, which increases data uncertainty, as
depicted in Figure 5.1. The total uncertainty can be interpreted a combination of
model framework uncertainty and data uncertainty. Accordingly, the minimum
total uncertainty is the point where the model is complex enough to capture im-
portant relationships, but not too complex, which in turn would result in very
specific data requirements.
Figure 5.1: Relationship between model framework uncertainty and data un-
certainty, and their combined effect on total model uncertainty - adapted from
EPA (2009a)
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Since the models for the LCC assessment are relatively straight-forward, the
model uncertainty is low. Accordingly, the focus of the uncertainty analysis on
data uncertainty is justifiable on the grounds that for low model uncertainty
correspondingly higher data uncertainty can be expected. However, in the fu-
ture, the influence of the uncertainty attached to the model framework should
be investigated explicitly, distinguishing between epistemic and aleatory uncer-
tainty.
Analysis of data uncertainty also proved to be challenging, because different
sources and types of data influenced the approach, as with the data collection.
This issue was approached in two different ways, giving consideration to the differ-
ent types of data. For quantitative aspects, such as the LCC model, probabilistic
models and Monte Carlo simulation were applied. For the semi-quantitative eval-
uation of the EI and the RA model, a semi-quantitative evaluation was applied
by translating expert judgement into a scoring system, in order to generate worst
case and best case scenarios. Moreover, expert advice was sought in a very tar-
geted way, focussing on the areas of expertise, where stakeholders were capable
of, and confident in supplying input data.
In general, different options exist for setting up uncertainty evaluation, with dis-
tinct characteristics and, therefore, different advantages and disadvantages. For
example, it is possible to either assess the uncertainty in the input values or in-
stead the confidence in the input values. Whilst these two should, in theory, be
related through a reciprocal relationship, this may in practice not always be the
case, due to human bias and errors. If they are assessed in a semi-quantitative
way (e.g. through a rating system as presented in Section 4.4.4), this needs to be
communicated clearly upfront to prevent biases and errors through misinterpre-
tation.
Scope of uncertainty analysis The scope of the uncertainty analysis needs
to be defined in a way so that it generates adequate additional knowledge for
the amount of effort spent. This is important because even if data and model
uncertainties are considered at great length, they will always omit some aspects.
Referring to Donald Rumsfeld’s famous quote on knowns and unknowns, some
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‘unknown unknowns’ will always remain, and can simply not be considered due
to a lack of awareness about them. It should be kept in mind that the aim of
the sensitivity and uncertainty analyses is not to quantify every single type of
uncertainty, but rather to provide meaningful support for the decision making
process, highlighting potential key issues that may change the results and require
further attention.
5.1.1.4 Summary
A number of aspects related to the Methodology have been discussed above,
leading to some recommendations and highlighting directions for potential model
refinement and future research:
The methodology has been described firstly in a generic way and secondly in
an applied way, with respect to the case study in the shipping sector. In this
way, it is envisaged that transferring the methodology to another case study is
straight forward, considering some local adjustments, in particular with regard to
prioritisation. Different types of MCDA methods could be explored in the future,
including various options for weighting and aggregation. Further extension and
refinement of the uncertainty analysis are possible, especially if additional data
becomes available that can be used to refine the inputs and update the results.
Such data could be used to extend the MCDA model into a fully probabilistic
model.
5.1.2 Lessons Learnt from the Case Study
5.1.2.1 Lifetime of the Vessel
Some of the input parameters that were identified as having a high contribution
towards the results, have been varied in the uncertainty analysis. Another factor
with a high contribution, as well as high uncertainty, is the life time of the vessel
and its components. Hence, a qualitative discussion about how variations in the
life time, which was assumed to be 25 years, impact on the performance evaluation
are presented below.
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If the life time of the vessel or some of its components is significantly shorter than
assumed, this can have a strong impact on the life cycle performance, because
it will shift the balance between the contribution of the life cycle stages. In the
original model, the Operation and Maintenance (O&M) stage clearly dominates
the other stages. This would be less in case of a shorter life time. In such a case
the LCC reduction in the O&M stage for both High-Strength Low-Alloy steel
(HSLA) and composites might not be large enough to outweigh the higher initial
costs. Thus, the new materials might not be worth implementing from a financial
point of view. A similar trend would apply for environmental impacts and risks:
Although HSLA shows better environmental performance in all life cycle stages,
this is based on the assumption that because of the enhanced material properties,
overall less material is required, reducing both costs and impacts. If the new
concepts prove not to fulfil the expectations regarding their performance during
their lifetime, and thus do not serve to reduce the amount of material required,
this would significantly change the results.
If, on the other hand, the lifetime is longer than the initially expected 25 years of
operation, the converse trends apply: The saving potentials of both new material
options increase, whilst the environmental impacts are reduced (depending on
the functional unit). In the future, this factor could be represented in a more
sophisticated way, allowing the impact of its variation to be investigated in a
quantitative way, in addition to the given qualitative evaluation.
5.1.2.2 Fuel Prices
Another factor that needs to be addressed is the assumption about the fuel prices.
As mentioned in Section 4.4.1, the fuel price of the baseline study is based on
prices from 2002. The price for Marine Gas Oil (MGO), similar to the price
for other oil and gas, has been highly volatile over the last two decades, rang-
ing from minimum values of just under 3 $/mmBTU in 1998 to maxima of over
23 $/mmBTU in 2012, with an average of 10.3 $/mmBTU over the last 15 years
(DNV GL 2016). The fuel price used by Burman et al. (2006) converts to ap-
proximately 5.1 $/mmBTU and thus represents a relatively low value, as depicted
in Figure 5.2.
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Figure 5.2: Price development for oil and gas 1991-2016, amended from DNV
GL (2016)
Therefore, the contribution of the fuel price is explored in more detail. The fuel
price is not an independent input parameter, but incorporated in the baseline
split of costs, which explains the high sensitivity of the results towards input
factor φ6 (fuel costs per LCC). Accordingly, this factor has been included in the
uncertainty analysis.
The general trends of considering the fuel price explicitly can be discussed in
a qualitative way. If a higher fuel price is assumed in the baseline model, this
will further increase the dominance of fuel costs per LCC and therefore increase
the financial benefits of using lightweight material alternatives. Given the high
contribution and high volatility of the fuel price, expressing this factor explicitly
in the model is one potential area for future model refinement. The best way to
approach this would probably be to define the factor as average fuel price over
the life time of the ship and investigate how variations in this average value would
impact on the total LCC.
5.1.2.3 Weighting of Life Cycle Stages
In the proposed model, the life cycle stages have to be weighted to generate a total
score for LCC, EI and RA, which feed into the MCDA. Currently this is done by
calculating the ratios between the life cycle stages for costs and also using them as
ratios for the internal weights of the life cycle stages for risks and environmental
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impacts. Whilst it can be justified that overall similar trends apply in all three
cases, this approach also shows some limitations:
For example, if higher fuel prices are assumed for the baseline of the current
model, this changes the ratios between the life cycle stages of the LCC, as dis-
cussed above. However, if, as currently proposed, these ratios are transferred to
the ratios for EI and RA, this would also change these results. This is despite the
fact that the fuel price does not have any direct effects on environmental impacts
and risks, unless additional fuel saving measures are implemented. Given the
currently limited data availability, it can be justified that overall similar trends
apply for the EI and RA models as for the LCC model and hence the proposed
approach is appropriate for an initial assessment.
5.1.2.4 Updating of Input Data and Results
In the future, it is expected that additional quantitative data could be made
available, in particular for the EI and the RA models, for example from fully
quantitative Life Cycle Assessment (LCA) and RA studies. These will be valuable
in providing confirmation or may lead to adjustments in the semi-quantitative
assessment described in this Thesis, as well as in refining the internal weighting
of the different life cycle stages.
Once more quantitative information becomes available, it can be used to refine
the input data for each of the models. This can be done either in a deterministic
way, by simply changing the input factors, or in a probabilistic way as described
for the LCC model. Updating the input data in a deterministic way is straight
forward and leads to updated results in the form of point estimates. On the other
hand, a probabilistic approach would require more effort for changing the input
distributions and re-running the Monte Carlo analysis. In return, the benefit is
to obtain a better appreciation about the updated confidence in the results.
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5.1.2.5 Summary
A number of aspects related to the case study have been discussed above, leading
to some recommendations and highlighting directions for potential refinement
and future research:
Two aspects have been identified, which are not explicit factors in the model,
but instead are considered implicitly, firstly the life time of the vessel and its
components and secondly the fuel price. How changes in the values of these
factors will impact on the results has been discussed in a qualitative way. Since
both factors can have a high contribution towards the results, exploring their
variation in a quantitative way could be an area for potential refinement of the
case study.
Further quantitative data, in particular for the EI and RA models, could be useful
for refining the inputs in a deterministic or in a probabilistic way. Moreover, the
internal weighting of the different life cycle stages could be refined once additional
information becomes available.
5.2 Steps Towards Industrial Implementation
The work presented in this Thesis has been developed to provide decision support
for the implementation of sustainable materials, in particular in the shipping sec-
tor. The MOSAIC project has provided the industrial demand and requirements
for the specific case study. As illustrated in Figure 5.3, it is based at an early
point of decision making, where the decision context focusses on characterisation
and further investigation of promising materials, rather than on final implementa-
tion. Therefore, material scientists are the key stakeholders at this early decision
point, who, together with shipyards, decide about the most promising material
options that are chosen for further investigation. However, the methodology has
been developed also with the second decision point in mind, where shipyards to-
gether with ship owners can make an informed decision about the final choice of
materials that are implemented in the ship structure. It is expected, that a lot
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of additional knowledge will be available at that point, which can be fed into the
framework.
Figure 5.3: Decision points at which the approach can be used
With regard to industrial implementation of HSLA and composites, the HSLA
solutions were judged by the shipyard and classification body as ‘almost ready’:
In terms of production it would be relatively easy to introduce HSLA to ship fab-
rication; however, there are still questionmarks over the acceptability for design
authorities (MOSAIC 2015e).
With regard to the specific composite application cases, the bow enclosure concept
has a number of obstacles to pass prior to implementation, though it is possible to
achieve this. Composite patches are simpler to implement than the bow enclosure,
notwithstanding several aspects of inspection, fire protection and general design
acceptance still to be overcome. It is worth noting that composite patches are
extensively used in other industries, in particular in the aircraft industry, where
light-weight construction has always been a central goal. A possible route to
implementing composites in ship applications could be through the ‘alternative
design route’ that meets Satety of Life at Sea (SOLAS) requirements, proving that
they can meet the structural requirements. With regard to the specific material
alternatives, the use of glass fibres instead of carbon fibres was judged as more
likely for large scale marine applications (MOSAIC 2015e).
If the new concepts work as envisaged and intended, this should cause no differ-
ence in the life time of the ship. However, if the new concepts fail, this could
reduce the lifetime of the ship, the implications of which have been discussed in
the previous section. Therefore, further investigations are required to increase
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confidence regarding the long term behaviour of the suggested application cases,
including further testing in conditions which cover the range of potential operat-
ing conditions. Key requirements include:
1. The proposed technology needs to be proven viable under service conditions
(temperature and environmental conditions, etc.);
2. The proposed technology solution needs to be qualified for its application;
3. The proposed technology solution needs to meet regulatory requirements.
If several options are available, which meet the given criteria, the proposed MCDA
framework can be applied to generate a systematic evaluation at the final decision
point, as depicted in Figure 5.3.
5.3 Transferability
As mentioned in Section 4.1, it is envisaged that the approach described in Chap-
ter 3 is transferable to other case studies. This is discussed in the following sec-
tions, starting with similar types of case studies (Section 5.3.1), moving to more
generic aspects of transferability beyond the shipping sector (Section 5.3.2).
5.3.1 Other Applications for the Same Asset Type
Different material options Even though the proposed methodology has been
demonstrated for the MOSAIC case study, investigating use of composites and
HSLA in lieu of conventional steel, it is certainly not limited to those two types
of materials. Applying the same methodology to include an evaluation of other
materials, such as other types of high-strength steels, composite materials or
aluminium, should be straightforward.
Different technology options Another option for application of the approach
is the evaluation of other technology options that are aimed at increasing the sus-
tainability of the ship. Examples include the material choice for the superstruc-
ture, alternative insulation systems, etc. In both cases a similar approach could
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be applied, but different stakeholder and expert inputs are required to identify
relevant PIs and KPIs and for subsequent evaluation.
Different decision points Moreover, the approach can be applied for sup-
porting these types of decisions at different stages of the life cycle, such as for
retrofitting or maintenance options. In case of retrofitting options, the ‘initial
costs’ would be the purchase and implementation costs for materials, with the
assumed life time reflecting the expected remaining life. In the case of mainte-
nance options, the initial costs would account for purchasing of tools, training or
other initial investments. Whilst the impact on operational costs could be con-
sidered in a straightforward way, the impact on the remaining life time requires
further engineering analysis and refinement of the model to account explicitly for
this factor.
5.3.2 Applications Beyond the Shipping Sector
Other offshore assets The proposed methodology is not limited to applica-
tions in the shipping sector, but could also be applied to other offshore assets
with similar requirements, for example platforms or wind turbines. Similar to
ships, these are situated in a marine environment, posing various challenges for
optimum material selection. Many of the challenges described for ships also ap-
ply to wind turbines and other offshore aspects, for example aspects related to
corrosion and fatigue behaviour. Such assets also have a long lifetime and high
initial costs and impacts, and the overall aim is to minimise costs, environmental
impacts and risks during the operation and maintenance stage. Therefore, simi-
lar fundamental objectives apply for material selection and other decision points,
even though objectives might be prioritised differently.
Two main differences between wind turbines and ships apply, which can be easily
factored into the model. This is firstly the baseline split of costs, with relatively
low operational costs (i.e. no fuel required), but instead significantly higher costs
for maintenance actions, due to limited accessibility of offshore wind turbines.
The other aspect is that even though a structural failure might have high impacts
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on costs and environmental impacts, the health and safety risks for humans are
limited, because wind turbines are generally unmanned. Both aspects can be
covered by setting up appropriate ratios and factors for prioritisation and can
therefore be considered in a straightforward way. Similar arguments apply to the
case of unmanned offshore platforms, such as the monopile structures employed
in Western Australia.
Other transport assets In addition to the application to other offshore assets,
the approach may be applicable to other transport assets, in particular to mobile
assets, such as aeroplanes, railway coaches or trucks. These are based in different
environments, but show comparable life span as well as life cycle stages, often
dominated by the operational stage due to fuel consumption. Again, the approach
can be applied for material selection or to evaluate alternative design options.
The demand for such approaches has been highlighted by recent projects and
European calls.
One example is the FP7 project MAINLINE (MAINtenance renewaL and im-
provement of rail transport INfrastructure to reduce Economic and environmental
impacts, 2011 - 2014), which developed a Life Cycle Assessment Tool (LCAT) for
specific railway assets. However, the focus was limited to specific infrastructure
assets (bridges, track and soil cuttings) and the creation of LCAT models for
different assets was highlighted as one key point for future research (MAINLINE
2014a).
Another example highlighting the demand for tools that enable sustainable de-
cision support is the call for Industry focused eco-design of the European Clean-
Sky 2 programme. The goal is to ‘develop an industry focused assessment tool to
evaluate the environmental and sustainability impact of a[n aircraft] product dur-
ing its design’, alongside the traditionally considered aspects of risk and material
properties (EC 2015a) (p. 422f).
With regard to waterborne assets, again the demand for life cycle approaches and
sustainable development has been stressed by European calls, for example through
the call for ‘System modelling and life-cycle cost and performance optimisation
for waterborne assets’ of the Horizon 2020 programme (EC 2015b) (p. 38f). The
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European Commission (EC) explicitly highlighted the demand for sustainable
development and minimisation of environmental impacts in the call document
and stressed the need for system thinking to approach these challenges.
These are only three examples, which clearly highlight the need for systematic
evaluation of the whole life cycle implications of different alternatives to support
long-term sustainable decision making. This applies not only to the shipping
sector, but also to other transport applications.
The proposed approach provides guidance for approaching this task in a sys-
tematic way. In doing so, inputs from stakeholders and expert judgements are
required to provide specific and meaningful results. It has to be appreciated that
further challenges may arise when applying the generic approach to a different
case study, which are specific to the respective context and hence may have not
been considered and discussed in this Thesis. However, the general framework
and philosophy are transferable, where decisions are based on a sound analysis
of the performance of different alternatives relative to each other, including un-
certainty and sensitivity analyses. Local adjustments are possible if required in
order to refine and target the methodology to a different case study.
5.4 Conclusions of Chapter 5
In this chapter, reflections and discussion points have been summarised, based
on the development of the methodology and its application to the case study in
the shipping sector. Specific and generic learning outcomes were presented in
Section 5.1. Whilst the overall goal of the case study has been met by the work
presented in the previous chapters, some recommendations for potential future
research were proposed. They include, for example, recommendations for model
refinement and extension, especially with regard to the treatment of uncertainty
and extended analysis of some key aspects. In terms of the case study presented,
the discussion focus was on the life time of the vessel and the average fuel price,
which have been identified as the most important uncertain parameters.
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In Section 5.2, the steps of the specific application cases towards industrial im-
plementation were outlined. It was established that even though the potential of
both HSLA and composite materials has been proven, further steps are required
before industrial implementation is possible. HSLA application cases were judged
as closest to this point, whilst the composite application cases, in particular the
bow enclosure concept, are much further away from being implemented.
Finally in Section 5.3 the transferability of the approach to other case studies
within and beyond the shipping sector was discussed, highlighting commonalities
as well as potential challenges arising from the differences. Transferability to other
material selection problems for ship structures should be simple and straight-
forward; application to other asset types, for example in the transport sector, is
possible, but will require more work for targeting the approach to the specific
case study.
Chapter 6
Concluding Remarks & Scope for
Future Work
‘Although individual decisions may seem small in the face of global threats and
trends, when billions of people join forces in common purpose we can make a
tremendous difference.’
(Ban Ki Moon)
Contents
6.1 Novelty of Research . . . . . . . . . . . . . . . . . . . . . . . 183
6.2 Key Findings . . . . . . . . . . . . . . . . . . . . . . . . . . . 184
6.3 Future Work . . . . . . . . . . . . . . . . . . . . . . . . . . . 187
6.4 Impact . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 188
The public awareness about sustainability issues is rising, moving policy mak-
ers and industrial decision makers towards the implementation of more environ-
mentally friendly regulations and practices across all industries. The shipping
industry represents a large sector with a significant range and scale of impacts;
therefore there is need for sustainable decision making, which ensures the via-
bility of operations in the long term, whilst reducing environmental impacts and
health and safety risks. Systematic approaches are required that support such
decision making, considering economic, environmental and risk aspects alongside
182
Concluding Remarks & Scope for Future Work 183
each other. This final chapter summarises the work described in the Thesis,
reiterating the key findings and presenting opportunities for future work.
6.1 Novelty of Research
Gap Different life cycle approaches have been introduced that are common
for evaluating costs, environmental impacts or risk. On their own, they can
provide valuable insights, but in order to address sustainability holistically, they
need to be combined properly. In the shipping sector, studies for evaluating
Life Cycle Costs (LCC), Life Cycle Assessment (LCA) or risk aspects have been
published, however most of these are lacking detail and transparency. Moreover,
integration of all three aspects appeared to be very limited with no clear guidance
available.
Approach The research presented provides a novel way of addressing this chal-
lenge: A multi-criteria decision support framework has been developed that helps
decision makers to systematically integrate a set of different life cycle sustainabil-
ity measures. The approach provides structured decision support for sustainable
material choices, which includes the consideration of typically non-commensurate
objectives and the systematic assessment and visualisation of trade-offs.
Features The novelty of the proposed approach is the combination of very
different sustainability aspects in one coherent framework, taking a life cycle per-
spective. A Life Cycle Cost and Performance Assessment (LCPA) approach has
been developed, consisting of evaluation of LCC, Environmental Impacts (EI) and
Risk Assessment (RA), capable of integrating different types of data. Sensitivity
and uncertainty analyses for the input factors enable better understanding of their
influence on the results. In the final step of the framework, all these aspects are
integrated through a Multi-Criteria Decision Analysis (MCDA) approach. The
approach not only accounts for the priorities of different stakeholders, through
the application of weighting factors, but is also capable of considering the deci-
sion maker’s attitude towards risk and uncertainty through the choice of more
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or less conservative estimates. In this way, the approach is able to explicitly
demonstrate the dependency of the results on different stakeholder perspectives.
Clear visualisation of the results is another key feature, facilitating transparent
communication and supporting justification for the decisions made.
Case Study The framework was demonstrated in the shipping sector, providing
a novel approach for evaluating the life cycle sustainability of materials that are
used in the ship structure. High-Strength Low-Alloy steel (HSLA) and composite
materials were investigated for replacing conventional steel components. These
were regarded as promising material options for reducing fatigue and corrosion
issues as well as for providing a more light-weight structural solution to reduce
fuel consumption.
Benefits of the proposed approach include quantitative results for LCC, envi-
ronmental and risk aspects, considering uncertainties in the input, an overall
evaluation (final score), taking into account the priorities and risk attitude of the
decision makers and finally clear identification of focus areas for future improve-
ments. The key findings for each of these are discussed in the following.
6.2 Key Findings
The key findings for the case study are summarised below. The approach can be
applied to design decisions for new ships as well as to retrofitting decisions for
existing ships. As the emphasis in this Thesis was on applications related to new
ships, considering the full ship life cycle, the numerical results and conclusions
refer to this case.
Evaluation of life cycle costs Even though both new material options have
higher initial costs than the currently used conventional steel, it was found that
their total LCC can be up to 4 % lower for HSLA and up to 8.5 % lower for com-
posite materials, if 25 % of conventional steel are replaced by the new materials.
Even though these numbers may appear small, over the total life cycle of the ship
these translate to an enormous amount of savings.
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Evaluation of environmental impacts With regard to environmental issues,
HSLA is expected to show similar environmental impacts to conventional steel.
However, use of less material should lead to emission savings, especially during
the Operation and Maintenance (O&M) stage. The same applies to composite
materials, where the emission savings during the O&M stage are even higher, due
to a higher degree of fuel savings resulting from the reduced weight of the ship
structure. Even though higher environmental impacts are expected in the initial
and the End of Life (EoL) stage, significant reductions in environmental impacts
can be expected over the whole life cycle, leading to a reduction in environmen-
tal score of about 2 % for HSLA and 5 % for composites. If higher amounts of
material are replaced, even further environmental benefits can be expected. The
environmental performance can be improved further if impacts in the initial and
EoL stage can be reduced, for example by using more natural materials (such as
biocomposites) or increasing recycling rates at the end of life.
Evaluation of health and safety risks It is important to also consider the
health and safety risks of the new material options. Currently there is less con-
fidence about the long-term performance of the proposed material options, es-
pecially with regard to crack propagation behaviour and corrosion issues (pit-
ting corrosion for HSLA and corrosion under joints and patches for composites).
Moreover, considerable uncertainty is associated with the structural integrity of
composite materials in the event of a fire accident. Overall, this leads to an ex-
pected decrease in durability, particularly for composites. The total risk scores
accordingly increased by around 3 % for HSLA and 13 % for composites. This
should be reduced by focussing further research efforts on the above-mentioned
areas.
Sensitivity analysis The sensitivity analysis highlighted the key factors for the
evaluation, which are the baseline split of costs for the LCC model, in particular
fuel costs, initial costs and maintenance costs. For the EI model the trends
for HSLA were found to be similar to conventional steel, whilst for composites
the analysis was dominated by weight savings and accordingly emission savings.
The RA model on the other hand was most dominated by aspects related to
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material performance, in particular crack propagation behaviour and corrosion
issues. Further research efforts are required to build confidence that this and
other types of risks that were identified are reduced to an acceptable level.
Uncertainty analysis For the LCC model, the highest contributing factors
were expressed through probabilistic distributions, which led to variations in the
LCC results of up to about 1.5 % for HSLA and up to about 3.5 % for com-
posites, when comparing the 1 %-Percentile with the 99 %-Percentile. Over the
lifetime of the ship, these can lead to significant differences in the total estimated
savings.
Worst case and best case scenarios were identified for the EI and RA models,
showing substantial differences compared to the deterministic results, which ap-
peared to be as high as up to ±15 %. For environmental impacts the results
indicated an overall even larger savings potential of the new material options
compared to the baseline, whilst for risks the worst case scenarios were more
noticeable. This was particularly the case in the O&M stage, due to the con-
siderable uncertainty associated with the long-term durability. By considering
not only deterministic, but also conservative estimates, the approach is able to
account for a more cautious perspective of a risk-averse decision maker.
Overall scores The impact of uncertainties became evident when comparing
the results of the deterministic total scores with the conservative scores. Whilst
the deterministic results indicated a marginally better performance for the new
material options, the conservative results were clearly worse. However, variations
in the weighting factors clarified the potential of both HSLA as well as composites
in a more refined way.
Both alternative materials showed potential with regard to reduction of both
costs and environmental impacts over the whole life cycle and are therefore rec-
ommended for further investigation. However, currently there are risks arising
from uncertainty that can impact on both costs and benefits. The final result
therefore depends on the decision makers’ priorities and their attitude towards
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risks. The proposed approach enables them to consider and understand such
trade-offs in a systematic way.
If LCC, EI and RA are considered alongside each other, two options are possible
to achieve a lower total score score compared to conventional steel: Either the
aspect of health and safety risk needs to be prioritised less comparable to the
other factors (by applying a lower weighting factor), which is not likely in the
industry, or the confidence in the long-term performance needs to be improved
in order to reduce the expected health and safety risks and the consequently the
risk score.
Learning outcomes Further learning outcomes of this research include the
importance of taking a long-term perspective for a holistic analysis. However,
this may not be immediately evident to decision makers, which often tend to
focus on short-term targets. It is also entirely reasonable for different life cy-
cle stages to have different dominant stakeholders. It was observed that there
is no ‘one-size-fits-all’ tool that is applicable to every kind of industrial system.
Instead the proposed framework provides a degree of flexibility and can be tar-
geted towards the specific application. A high level of communication between
the stakeholders was seen as key, and the framework aims to provide effective
support for this.
6.3 Future Work
A number of aspects for future work have been proposed, which are summarised
below.
Methodology Further refinement of the methodology is possible, for example
to explore other weighting and aggregation methods through the application of a
different MCDA technique. Further refinement of the uncertainty analysis might
be beneficial, if additional data can be made available to refine the input factors.
Potentially this could also lead to an extension of the MCDA model to a fully
probabilistic model in the long-term.
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Case study With regard to the case study, it is an utmost priority to address
the identified health and safety risks in order to improve confidence in the long-
term performance. This includes further focus on crack propagation in parent
materials and joints, the identification of reliable corrosion detection techniques
for pitting corrosion (HSLA) and for corrosion under joints and patches (com-
posites). Furthermore, the proposed technologies need to be demonstrated in a
service environment, and it needs to be proven that all regulatory requirements
are met.
In terms of model refinement for the case study, implicit factors such as life
time and fuel prices could be made explicit and quantitative data for the EI and
RA models could strengthen the evaluation. Given the limitations in available
quantitative data, qualitative trends have been discussed for all of these aspects.
If more specific data became available in the future, the model could be enhanced
further.
Transferability Application of the approach to other case studies within and
beyond the shipping sector has been discussed. Transferability to similar case
study applications, for instance for the evaluation of other material alternatives,
is expected to be straight-forward, feeding in the new information in a similar way
as described. Further refinement may be required if the approach is transferred to
other case studies, for example in the offshore or transport sector. Similar to the
work described in this Thesis, involvement of relevant stakeholders and experts
is seen as a key requirement to provide meaningful results.
6.4 Impact
As described in Chapter 1 and Section 4.1, the case study was inspired by the
project Materials On-board: Steel Advancements and Integrated Composites
(MOSAIC), which investigated the implementation of advanced materials in ship
structures, with a view to reducing operational costs and improving life cycle
performance by using stronger, thinner and lighter components. The aim of the
research presented in this Thesis was to understand if and how much the new ma-
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terials can contribute to achieving these goals and thus provide decision support
for their potential implementation.
MOSAIC project Based on the analyses presented, both HSLA and compos-
ite materials could be recommended for further investigation towards industrial
implementation. They show a large and quantifiable potential with regard to sav-
ings of LCC and EI, if the health and safety risks can be reduced to an acceptable
level. Recommendations for achieving this have been presented.
This research project benefited from access to data and stakeholders, but in return
it provided significant inputs to the MOSAIC project. Whilst the generic frame-
work was initially presented in Niekamp et al. (2014) and Niekamp et al. (2015),
the summary of the case study results was published as a MOSAIC deliverable
report (MOSAIC 2015c) and contributed to the final confidential MOSAIC report
(MOSAIC 2015f) and its publicly available summary (MOSAIC 2015b).
Throughout the project, a lot of positive feedback about the approach was re-
ceived. The stakeholders valued in particular the capacity to present complex
information through clear visualisation of results, which enabled transparent com-
munication. Moreover, it was appreciated that environmental and risk aspects
were assessed alongside economic ones in a consistent way, applying the same
split of life cycle stages whilst allowing to account for different perspectives and
priorities.
Sponsoring organisation At TWI, the framework developed is valued for en-
hancing life cycle management approaches and providing additional capabilities
for collaborative and single-client projects. The increasing demand for consider-
ing sustainability in a systematic way was expressed through various European
calls. One of these has been answered by securing a collaborative project led by
TWI, which will continue to further develop the approach with a focus on virtual
prototyping of ship structures.
Academic impact In addition to publication of a peer-reviewed paper, the
framework and its application were also presented at several international con-
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ferences (see Appendix C) in the wider field of sustainable engineering. It was
established that the application of the framework helps to move from short-term
cost dominated thinking to a long-term and more comprehensive sustainability
evaluation. In this way, it has already triggered numerous discussions, inspiring
the approaches of other researchers in related fields.
Final thoughts To conclude, there is a paradigm shift towards considering
sustainability in industrial decision making. The proposed framework can support
decision makers in approaching this task in a systematic way. In order to make a
real difference, this and similar approaches need to be applied on a larger scale.
The applicability of the framework has been demonstrated for a specific case
study in the shipping sector. Whilst this case study represents an important
sector, it is still only one part in a large system of industrial activities. However,
it is hoped that this research not only has an impact in the shipping sector, but
will facilitate communication and inspire similar thinking in other sectors, too.
In this way, it presents one further step towards meeting ‘the needs of the present
without compromising the ability of future generations to meet their own needs’
(Brundtland 1987).
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1) Introduction
2) Contact Information
Please provide your contact information on this sheet and then proceed to  the next sheet (KPI)
Name
Company / Institution
Email address
Area of expertise
Thank you for agreeing to complete this survey created by TWI in the context of the EU FP7 project 
MOSAIC. You can find further information about MOSAIC on page 5 (MOSAIC). The survey is aimed at 
the MOSAIC partners and stakeholders in the shipping industry. The goal is to identify key performance 
indicators (KPI) to help in the selection of appropriate sustainable material to be used in ship structures. 
This is stage one of a two-stage survey. It is an important step to collect the views of all stakeholders in 
identifying KPI. The replies will be anonymised and used for the next step which will include data 
collection and uncertainty assessment. In return for contributing to both stages, you will be sent a copy 
of the results from the survey.
If you have any questions, please contact us at stefanie.niekamp@affiliate.twi.co.uk. Please feel free to 
forward the survey to other relevant stakeholders. 
Thank you very much for participating!
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Life Cycle Cost Assessment Page 2 of 5
3) Key Performance Indicators
Consider multiple dimensions, such as
■ technical (e.g. material properties)
■ economic (e.g. costs, financial benefits)
■ environmental (e.g. emissions, pollution)
■ logistical (e.g. supply chain, availability)
■ regulatory
■ other
Think about the whole life cycle, including the following stages
■ raw material
■ manufacturing
■ installation
■ operation and maintenance
■ end of life stage
Please see the examples below
Specific Measure 
(including unit as applicable)
Example: Material strength Fracture toughness - KIc (MPa*m^0.5) Steel High High MOSAIC project work Available from WP X / partner XY
Example: Environmental impact Carbon footprint (kgCO 2  / kg) Both Medium Low Life cycle assessment with software xyz Calculated for the whole life cycle
Example: Availability Time from order to delivery (months) Both Very High N/A Obtain from supplier Crucial given limited project period
Example: End of life costs Disposal or salvage costs (€ / kg) Composites Medium Medium Experience of company xyz Depends on recycling rate
Please provide your suggestions  on the next page
M aterials  O nboard: S teel A dvancements and I ntegrated C omposites
Identification of Key Performance Indicators
Please suggest key performance indicators (KPI) that you consider as relevant in identifying the most 
sustainable material choice for steel and/or composite material in the ship structure.
CommentsPotential data sourceImportanceSuggested KPI Applies to Data 
availability
Raw materials Manufacturing Installation Operation & Maintenance End of Life
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Life Cycle Cost Assessment Page 3 of 5
Please include as much information as possible in order to facilitate further work
Specific Measure 
(including unit as applicable)
Please consider the whole life cycle 
and multiple dimensions, see the 
guidance above
Please be as specific as possible
Steel, 
composites 
or both
VH = very high
H = high
M = medium
L = low 
VL = very low
VH = very high
H = high
M = medium
L = low 
VL = very low
This is an important information for the data 
collection step
Please leave any comments you may have 
with regard to the suggested KPI
1
2
3
4
5
6
7
8
9
10
11
12
13
14
15
Comments
M aterials  O nboard: S teel A dvancements and I ntegrated C omposites
Identification of Key Performance Indicators
Suggested KPI Applies to 
(material)
Importance Data 
availability
Potential data source
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4) Final comments
Please provide any general comments in the box below
5) Completion
Please return the completed survey to stefanie.niekamp@affiliate.twi.co.uk  by 20 May 2014.
I shall contact you again in a few weeks regarding the second stage.
Thank you very much for your inputs!
M aterials  O nboard: S teel A dvancements and I ntegrated C omposites
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M aterials  O nboard: S teel A dvancements and I ntegrated C omposites
MATERIALS ON-BOARD: STEEL ADVANCEMENTS AND INTEGRATED COMPOSITES – is an EU FP7 project 
with the aim to investigate two novel ideas concerning ship structures. First, the introduction of High 
Strength Low Alloyed Steels (HSLA) in specific structural details and second the replacement of specific 
structural parts of the ship with composite materials.
HSLA steels with high toughness properties, in specific areas of the ship structure, reduce the risk of 
cracks developing in stress concentration areas while composite materials can replace parts of the steel 
structure, such as superstructures, transverse bulkheads, partial decks and other non-critical parts 
thereby reducing weight and corrosion effects.
The final outcome of the project will be the development of relevant guidelines for the design and 
application of these two new concepts in shipbuilding.
Project aims:
 The ultimate goal of the application of these technologies in ship structures is to:
■ improve the structural response of the ship
■ reduce corrosion
■ reduce the lightship weight of the structure
■ reduce the maintenance and overall operation cost of the vessel
Stakeholder Survey and Expert Elicitation 211
A.2 Suggested Criteria
Attached is the long list of criteria that were initially suggested by the stakehold-
ers. Many of these apply to both High-Strength Low-Alloy steel (HSLA) and
composites, other criteria are more specific to one of the materials. They were
later condensed into the Performance Indicators (PIs), as presented in Section
4.2.1.
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Life%Cycle%Cost%Assessment
Please&include&as&much&information&as&possible&in&order&to&facilitate&further&work
Specific%Measure%
(including)unit)as)applicable)
Please)consider)the)whole)life)cycle)
and)multiple)dimensions,)see)the)
guidance)above
Please)be)as)specific)as)possible
Steel,)
composites)or)
both
VH)=)very)high
H)=)high
M)=)medium
L)=)low)
VL)=)very)low
VH)=)very)high
H)=)high
M)=)medium
L)=)low)
VL)=)very)low
This)is)an)important)information)for)the)
data)collection)step
Please)leave)any)comments)you)may)have)with)
regard)to)the)suggested)KPI
Material&properties
Properties)of)basic)material Strength)(various),)toughness,)fatigue,etc. Both Very)High High
Standards,)manufacturer)datasheets,)
projects)like)MOSAIC,)etc Not&necessarily&a&cost&related&KPI?
Tecnical Static)strength Both High H/M
WP4)On)board)integration)of)the)
innovative)solutions Material&characteristics&for&composites
Strength)
Yielding)stress)(MPa))(steel))and)ultimate)
stress)(MPa))(steel)and)composite) Both High High Material)producers)and)laboratory)tests
Material)strength Ultimate)tensile)strength)(Mpa) Both High High
MOSAIC)project)work/experimental)
work
Material)strength
Strain)energy)release)rate)for)Opening,)
sliding)and)tearing)mode)of)fracture)(J/m^2)
Both High High
Abacus)or)ANSYS)softwares)and)
experimental)test
Material)strength
Optimization)of))the)stiffness)or)strength)to)
the)weight)(N/(kg.)mm))or)N/kg)
Both High Very)High Finite)element)software
Technical Fatigue)performance Both High High
WP4)On)board)integration)of)the)
innovative)solutions
Fatigue
Residual)strength)after)cycling
(MPa)or)%)over)max)strength) Both Very)High High Materials)databases Composites&are&quite&insensitive&to&fatigue.
Tecnical Crack)initiation Both Medium Medium MOSAIC)Consortium
Defect&to&fix/avoid&is&crack&initiation&in&all&three&
selected&application&cases&for&HSLA,&and&one&
for&composite.
Chemical)properties Corrosion)resistance Both H/VH Medium WP2)Material)characterization
For&steel&depends&on&material&properties,&and&
composite&has&excellent&corrosion&properties
Material)properties Thermal)conductivity)(W/mK) Both Medium Very)High T2.2.)Material)characteristics
Composites&have&low&thermal&conductivity&and&
therefor&the&temperature&will&not&rise&as&
quickly&as&in&steel&or&aluminium&structure.
Handling)of)vessel
Displacement,)speed,)metacentric)height,)
manouverability,)etc Both High Low R&D Operational&costs&will&drop&out&of&this.
Joints
Properties)of)joints Strength)(various),)toughness,)fatigue,etc. Both Very)High Medium
Standards,)manufacturer)datasheets,)
projects)like)MOSAIC,)etc Not&necessarily&a&cost&related&KPI?
Weight
Technical Weight)reduction Both Very)High High
WP4)On)board)integration)of)the)
innovative)solutions
For&composites&that&leads&to&improved&
stability,&reduced&fuel&consumption...
Weight)of)design)solution
Design)of)solution)density,)thickness,)
comparison)to)standard)current)design Both High High Manufacturers,)designers,)data)sheets
Fuel)saving Reduction)in)overall)weight Both High Very)High Various)
Safety Safety Fire)resistance Both Very)High L/M Testing)facilities
GENERAL Comments
Materials "O nboard:&S teel&Advancements&and& Integrated&Composites
Identification%of%Key%Performance%Indicators
Suggested%KPI Applies%to%
(material)
Importance Data%
availability
Potential%data%source
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Mode)of)failure Sudden)catastrophic,)slow)with)warning,)etc Both High High MOSAIC,)open)literature Not&necessarily&a&cost&related&KPI?
Impact)damage
Energy)absorption
(kJ/sqm) Both High Medium Materials)databases
Composites&don't&show&visual&effect&after&
impact&but&the&mech.&prop.&are&affected.
Availability
Availability Procurement)of)the)material Both Very)High Medium MOSAIC)Consortium
Carbon&fibres&should&be&included&although&they&
were&not&included&in&the&material&selection.
Logistical/Organisational Manufacturing)adaptation Both Very)High Medium Applicators
Shipyard&adaptation&and&outsourcing&(cost&of&
externally&produced&components)
Availability)of)the)material Time)for)order)to)delivery)(days)or)months) Both High High Material)vendor
Availability Degree)of)processing)required)(months) Both High Medium Obtain)from)supplier
Availability
Purchasing)lead)time
(Months) Both Low High Suppliers
Shortage&in&steel&supplying.&Glass&fibre&can&be&
affected&for&other&reasons.
Economics
Economic Price)of)material Both Very)High H/VH MOSAIC)Consortium HSLA&steel,&glass&fibres,&carbon,&kevlar
Material)Cost Unitary)cost)of)materials€/kg) Both Very)High Medium Steel)or)composite)producers
Material)Cost Unitary)cost)of)materials€/kg) Both Very)High Medium Steel)or)composite)producers
Economics Engineering)and)development)cost Both M/H H/VH MOSAIC)Consortium
Economics Implementation)cost Both Very)High L/M Applicators/Yards
Application)cost Cost)for)single)unit)application)€/m2 Both High High Shipyard
Application)cost Cost)for)single)unit)application)€/m2 Both High High Shipyard
Rate)of)repair)during)construction)
and)associated)costs
Likelihood)of)defective)joints)that)need)
repairing Both Very)High Medium Shipyards)and)composite)users
Operating)cost Maintenance)cost)(EUR/year) Both Very)High M/L Asset)owners/managers
Low&maintanance&for&composites&because&they&
are&not&subject&to&corrosion
Mainteance)cost additiona)cost)for)maintenance)(€/m2) Both Medium Low Shipayard
Mainteance)cost additiona)cost)for)maintenance)(€/m2) Both Medium Low Shypayard
Economic)influence) Maintainability)and)repeatability Both Very)High Medium Reliability)assessment)
Repair)cost)in]service
Repair)possible,)timescale,)cost,)original)
properties)recovered Both High Medium
For)steel)welding)engineers,)for)
composites)special)companies.
In]service)inspection)method,)
frequency)and)cost)
Technology)to)test,)probablility)of)
detection,)acceptance)criteria Both Very)High Medium Shipyards)and)composite)users
Fuel)saving
Does)the)solution)reduce)fuel)costs?)How)
much)per)year/over)lifetime)of)vessel? Both High High Shipyards,)owners,)naval)architects
End)of)life Recycling Both High L/M ??
Composites&can&be&partly&recycled;&Low&
experience&with&composites
Recycling
Cost)of)recycling
(€/kg) Both High Medium
EUCIA)or)another)composites')
manufacturers)association It&is&not&easy&to&recycle&composites.
Disposal)cost Cost)per)unit)of)mass)(€/kg) Both Medium Medium to)be)define
Timescales
Maintenance)(Corrosion)
Mean)Time)Between)Inspections
MTBI)(years) Both Very)High Medium
Ships')owners)and)operators.
Maintenance)shipyards.
One&main&reason&for&use&composites&in&
recreational&vessels&is&low&maintenance.
Operating)cost Durability)of)material)(years) Both Very)High L/M Especially&for&composites
Life)of)vessel
Will)the)solution)increase,)decrease)or)not)
change)the)vessel)life Both Medium Medium R&D
Environment Environmental)impact Green)house)gases)emission Both Medium Medium
Environmental)impact Global)warming)potential Both Medium Medium
Total)life)carbon)footprint)(raw)
materials,)construction,)fuel,)
scrapping)
Carbon)to)manufacture)raw)materials)and)
joints Both High Medium Manufacturers,)R&D
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Life%Cycle%Cost%Assessment
Please&include&as&much&information&as&possible&in&order&to&facilitate&further&work
Specific%Measure%
(including)unit)as)applicable)
Please)consider)the)whole)life)cycle)
and)multiple)dimensions,)see)the)
guidance)above
Please)be)as)specific)as)possible
Steel,)
composites)or)
both
VH)=)very)high
H)=)high
M)=)medium
L)=)low)
VL)=)very)low
VH)=)very)high
H)=)high
M)=)medium
L)=)low)
VL)=)very)low
This)is)an)important)information)for)the)
data)collection)step
Please)leave)any)comments)you)may)have)with)
regard)to)the)suggested)KPI
Material&properties
Mechanical)properties See)deliverable)for)WP2.1 Steel Very)High Very)High Deliverable)WP2.1
Essential&to&ensure&material&is&available&
commercially&and&meets&the&mechanical&
property&requirements&of&the&application.
Fatigue)life SJN)curve)and)Paris)law)parameter Steel High High Steel))producers)and)laboratory)tests
HSLA)fatigue Fatigue)initiation)and)fatigue)crack)growth Steel Very)High High Work)in)MOSAIC,)literature)review
Material)strength SJN)parameters)(cycles,&MPa) Steel High High
MOSAIC)project)work/experimental)
work
Material)strength Fracture)toughness)J)KIc&(MPa*m^0.5) Steel Very)High High
MOSAIC)project)work/experimental)
work
HSLA)matetial)properties
Modulus)of)Elasticity)[GPa])and)strength)
[MPa] Steel High Very)High
Work)in)MOSAIC,)literature,)material)
suppliers)data)sheets
HSLA)material)characteristics Microstructure)and)chemical)composition Steel High High Work)in)MOSAIC,)supplier)data)sheets
Corrosion Corrosion)behaviour)on)materials Accelerated)Aging)Tests) Steel High High MOSAIC)project)work
Available&from&WP&3& Task%3.2. &The&results&
could&be&delivered&by&the&testing&partner&
(NTUA)&or&&by&AIMEN&which&is&the&leader&of&the&
task
Corrosion)behaviour)on)HAZ Accelerated)Aging)Tests) Steel High High MOSAIC)project)work
Available&from&WP&3&Task&3.2.&The&results&could&
be&delivered&by&the&testing&partner&(NTUA)&or&&
by&AIMEN&which&is&the&leader&of&the&task
Material)strength Corrosion)(mm&/&year) Steel Very)High Medium
MOSAIC)project)work/experimental)
work
HSLA)corrosion
Corrosion)characteristics)of)welded)HSLA)to)
HSLA)and)AH36)steels Steel High High Work)in)MOSAIC
Welding Weldability
Assessment)of)impact)strength)and)
hardness)deterioration)in)the)HAZ)and)FL,)in)
relation)to)parent)material
Steel High High MOSAIC)project)work
Available&from&WP&3&Task&3.2.&The&results&could&
be&delivered&by&each&testing&partner&(UoB,&
NTUA,&TWI&and&AIMEN)&or&&by&AIMEN&which&is&
the&leader&of&the&task
Materials %O nboard:&S teel&Advancements&and& Integrated&Composites
Identification%of%Key%Performance%Indicators
Suggested%KPI Applies%to%
(material)
Importance Data%
availability
Potential%data%source CommentsHSLA
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Weldability
Assessment)of)fracture)toughness)(Jm))and)
fatigue)crack)growth)rate)(da/dN))
deterioration)in)the)HAZ,)in)relation)to)
parent)material
Steel High High MOSAIC)project)work
Available&from&WP&3&Task&3.2.&The&results&could&
be&delivered&by&each&testing&partner&(UoB&and&
NTUA)&or&&by&AIMEN&which&is&the&leader&of&the&
task
HSLA)weldability
Weldability)with)Conventional)marine)steel)
(AH)36) Steel Very)High Medium Work)in)MOSAIC
This&is&one&of&the&key&concepts&and&innovations&
of&the&MOSAIC&project,&to&combine&HSLA&with&
conventional&steels&in&Ship&building&and&repair,&
so&joining&dissimialr&steels&is&the&key&to&achive&
this&objective
Availability
Availability FSW)technology)/)Welding)technology Steel Medium Medium
TWI)and)FC)might)have)informations;)
WP3)Small)scale)testing)of)HSLA
Availability Amount)of)transport)required)(days) Steel Very)High High Obtain)from)supplier
HSLA)material)availability
The)HSLA)steel)in)question)has)to)be)widely)
and)readily)available)in)the)market)by)
European)suppliers Steel Very)High Medium
Experience)of)what)is)readily)available,)
info)from)suppliers
Two&suppliers&identified&for&the&selected&HSLA&
steel,&aviodance&of&non&European&suplpiers&and&
monopolies
Availability)and)production)location Steel)specifications)and)quotes Steel
MOSAIC)partners)responsible)for)
ordering)steel
Cost&will&be&related&to&supplier&and&transport&
requirements&e.g.&FSA&steel&is&generally&higher&
cost&with&longer&delivery&times.
Economics Economic HSLA)not)extended)in)shipbuilding Steel High Medium MOSAIC)project)work
Cost)of)steel Price)and)delivery)time Steel High High Suppliers,)designers,)manufacturers
HSLA)cost
Wider)availability)and)wider)use)in)industry)
of)selected)HSLA)steel)drive)cost)down Steel Very)High High Material)suppliers
Economics Manufacturing)costs Steel Very)High High Producers
Joining)cost
Welding)equipment,)welder))consumables)
(wire/gas),)time Steel Very)High High Shipyards)and)composite)users
Inspection)of)joint/material)during)
construction
Technology)to)test,)probablility)of)
detection,)acceptance)criteria,)cost)of)
equipment,)personnel,)time)and)affect)on)
operation Steel Very)High High Standards,)equipment)manufacturers
)End)of)life)costs Recyclability)/)Resuability)(€)/)kg) Steel High High Experience)of)company
Classification
HSLA)satisfying)Classification)
guidelines)
LR)rules)and)guidelines)for)measuring)the)
HSLA)properties Steel Very)High High Work)in)MOSAIC
Other
Specific)areas)and)application)cases)
on)different)type)of)ships)for)
substitution)of)AH36)from)HSLA)steel
Application)cases)which)are)prone)to)
failures,)HSLA)effectiveness,)cost)of)
substitution,)modelling)of)response)
regarding)Lifecycle)of)proposed)solution Steel Very)High Medium Work)in)Mosaic,)literature)review
Complex&subject,&requiring&data&from&several&
sources&and&KPI
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Life%Cycle%Cost%Assessment
Please&include&as&much&information&as&possible&in&order&to&facilitate&further&work
Specific%Measure%
(including)unit)as)applicable)
Please)consider)the)whole)life)cycle)
and)multiple)dimensions,)see)the)
guidance)above
Please)be)as)specific)as)possible
Steel,)
composites)or)
both
VH)=)very)high
H)=)high
M)=)medium
L)=)low)
VL)=)very)low
VH)=)very)high
H)=)high
M)=)medium
L)=)low)
VL)=)very)low
This)is)an)important)information)for)the)
data)collection)step
Please)leave)any)comments)you)may)have)with)
regard)to)the)suggested)KPI
Joint&to&structure Hybrid)Joints)compositeEmetal Fatigue)tests)(mechanical)durability) Both Very)High Very)Low MOSAIC)project)work Available&from&WP3& Task%3.4 ,&lead&by&NTUA
Manufacturing)technology Joining)to)adjacent)structure Composites Very)High L/M
T3.4.)Production)and)testing)of)
compositeEtoEsteel)joint Most&important&for&applications
Material)strength
Steel)to)composite)coherentECohesive)
stiffness)(N/mm)
Composites High High Experience)of)the)company)and)tests
Material)strength
Fatigue)failure)of)the)coherent)(Number)of)
the)cycles)
Composites High Medium Experience)of)the)company)and)tests
Material)strength
delamination)effects)on)the)load)capacity)
(decresing)in)load)capacity/(size)or)position)
of)the)dealmination)
Composites High Medium FEM)softwares)and)experiments
The&type&of&the&delamination&should&be&fixed,&
for&examole&through&the&width&of&the&panel&or&
embeded&in&the&center&or&near&the&edge&of&the&
panel
Performance
Composite)material)properties
Modulus)of)Elasticity)[GPa])and)strength)
[MPa] Composites Very)High High
Work)in)MOSAIC,)literature,)material)
suppliers)data)sheets
Core)material)properties
Shear)modulus)of)elasticity)[GPa])and)shear)
strength)[MPa] Composites Medium High
Literature,)material)suppliers)data)
sheets
Performance)in)marine)environment
Range)of)temperatures,)humidity,)water)
absorption,)creep,)etc Composites High Medium R&D Not&necessarily&a&cost&related&KPI?
Shelf)life Time)(months) Composites High High Material)vendor Relevant&to&composite&and&resin
Geometry
Performance Aero)&)hydrodynamics Composites Very)High High
WP4)On)board)integration)of)the)
innovative)solutions For&bow&enclosure&/&very&shapeable
Core)mass)density Mass)density)[Kg/m3] Composites High High
Literature,)material)suppliers)data)
sheets
Energy)saving Impact)on)energy)due)to)weight)saving Composites Very)High High Shipyard
Energy)saving Impact)on)energy)due)to)weight)saving Composites Very)High High Shipyard
Manufacturing)technology Geometry Composites Very)High M/H Producers/Applicators Composites&are&suitable&for&complex&3D&shape
Economic Materials)cost Euro/Kg Composites High High Material)suppliers
Materials)(resins))curing)
requirements Cold)cured)or)necessitate)heating Composites Very)High High Material)suppliers
It&governs&how&easy&is&manufacturing,&
maximum&size&of&parts&to&be&made,&and&after&
all,&cost.
Materials %O nboard:&S teel&Advancements&and& Integrated&Composites
Identification%of%Key%Performance%Indicators
Suggested%KPI Applies%to%
(material)
Importance Data%
availability
Potential%data%source CommentsCOMPOSITES
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Cost)of)composite)manufacture
Raw)materials.)Bought)in)or)made)on)site)
costs Composites High Medium Shipyards,)manufacturers
Joining)cost
Design)of)joint,)time)to)install,)personnel)
time,)consumables,)boughtEin)cost,)affect)
on)build)schedule Composites Very)High Medium Shipyards)and)composite)users
Inspection)of)joint/material)during)
construction
Technology)to)test,)probablility)of)
detection,)acceptance)criteria,)cost)of)
equipment,)personnel,)time)and)affect)on)
operation Composites Very)High Low R&D
Inspection&technology&focussed&on&aerospace&
composites&which&are&verydifferent&from&
MOSAIC&materials
End)of)life Landfill)cost Composites L/M Low Producers/Applicators Not&for&steel
Disposal Can)the)material)be)recycled)after)use Composites High Low R&D
Recycling)characteristics Composites Low Low Material)suppliers
Environment Environmental)impact Human)health Composites Very)High L/M Producers/Applicators Composites&must&satisfy&regulations
Availability
Materials)availability Composites High Medium
Experience)of)what)is)readily)available,)
info)from)suppliers
Strange&(peculiar)&or&hybrid&(more&than&one&
type&of&fibers)&fiber&fabrics&are&hard&to&find.&&
Regulatory Regulatory SOLAS Composites Very)High Very)High SOLAS/practice
Regulatory CCSS Composites Very)High High CCSS
CCSS&have&some&experimental&results&but&a&
change&in&the&regulation&in&need
Safety
Safety
Additional)cost)for)specific)dangerous))
process Composites Medium Low Shipyard,)composite)producers
Safety
Additional)cost)for)specific)dangerous))
process Composites Medium Low Shipyard,)composite)producers
Fire)resistance
SOLAS,)additional)costs)to)achieve)
compliance. Composites Very)High Low R&D
Fire)retardant)characteristics Composites High Medium Material)suppliers
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B.1 LCC calculations
B.1.1 Conventional Steel
How the different kind of factors were derived and used to create the respective
LCC models is described in detail in this section. An overview of the origin and
use of the different factors is depicted in Figure B.1.
The initial distribution of cost factors were taken from the study by Burman et al.
(2006):
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Figure B.1: Factors for LCC model
Table B.1: Cost distribution for steel ship (Burman et al. 2006)
Type of costs Value (in Me)
C ′1 Planning & design = 0.1 + 6.2 + 0.25 = 6.55
C ′2 Materials = 49.15
C ′3 Tools, energy & fabrication = 19.63
C ′4 Fuel consumption = 287.19
C ′5 Maintenance costs = 65.59
C ′6 Disposal costs = 0.06
C ′7 Revenues for scrap = −0.13− 0.18− 0.05 = −0.36
Initial Costs The factors C ′1 to C
′
3 represent initial costs. The baseline ratio
of initial costs to life cycle costs was therefore calculated to
φ1 =
C ′1 + C
′
2 + C
′
3∑7
i=1C
′
i
= 0.1761 (B.1)
The ratios between the different components of initial costs was discussed with
the shipyard in the MOSAIC consortium. Their estimates (denominated as φ2 to
φ5) were used to update the literature values.
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Table B.2: Cost distribution shipyard
Type of costs Value
φ2 BL design / initial costs 0.04
φ3 BL material costs / initial costs 0.75
φ4 BL steel / material costs 0.08
φ5 BL manufacturing / initial costs 0.21
Accordingly, the initial costs for conventional steel were calculated to
CS1 = φ1 × φ2, (B.2)
CS2 = φ1 × φ3, (B.3)
CS3 = φ1 × φ5. (B.4)
O&M Costs For operation and maintenance costs, it was assumed that the
ratio given by (Burman et al. 2006) equals the ratio for the given application case
study. Therefore, the factors CS4 and C
S
5 were calculated by using those ratios
(φ6 and φ8).
CS4 = φ6 =
C ′4∑7
i=1C
′
i
(B.5)
CS5 = φ8 =
C ′5∑7
i=1C
′
i
(B.6)
Moreover, for the purpose of weight savings and reduction of maintenance efforts
for the new material options, the factors φ7 and φ9 were calculated from further
literature values (Burman et al. 2006):
Table B.3: Calculation of fuel savings per kg of weight savings (Burman et al.
2006)
Type of hull
Weight
(tons)
Fuel
consumption
(Me)
Steel 2,030 11.49
Composite 1,439 9.14
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The fuel cost savings per relative amount of weight savings were hence calculated
to
φ7 =
9.14− 11.49
1,439− 2,030 ×
2,030
11.49
= 0.7 (B.7)
For the maintenance costs, the ratio of maintenance on the hull structure com-
pared to the total maintenance costs (including machinery) was calculated to
φ9 =
C ′5,Hull
C ′5,total
=
17.7
65.59
= 0.27 (B.8)
End of Life Costs For end of life costs it was again assumed that the ratio
given by (Burman et al. 2006) equals the ratio for the given application case
study. Therefore, the factors CS6 and C
S
7 were calculated with the given ratios
(φ10 and φ11):
CS6 = φ10 =
C ′6∑7
i=1C
′
i
(B.9)
CS7 = φ11 =
C ′7∑7
i=1C
′
i
(B.10)
Life cycle costs Accordingly, the life cycle costs for conventional steel consist
of the summation of the individual cost factors CSi :
LCCS =
n=7∑
i=1
CSi
= CS1 + C
S
2 + C
S
3 + C
S
4 + C
S
5 + C
S
6 + C
S
7
= φ1 × (φ2 + φ3 + φ5) + φ6 + φ8 + φ10 + φ11
(B.11)
B.1.2 HSLA and Composites
Starting from the baseline values for conventional steel, the relative cost compo-
nents for using the new material options were calculated by factoring in how much
the individual components would change for the implementation of the respective
material by applying the factors δk.
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In order to calculate the changes it first had to be established what amount of the
conventional steel could be replaced by the new materials (λ12). It was estimated
by the shipyard that for similar ship types a maximum of 25 % could be replaced
in the future. Using the new materials will however change the weight of the
ships. For instance, it is possible to replace conventional steel plates with thinner
HSLA ones. It was estimated by the MOSAIC consortium that this can lead to a
weight reduction of the new material compared to convention steel (λ13) of up to
1/3 for HSLA. Using composites instead of conventional steel can lead to weight
savings of up to 75 % (MOSAIC 2015e).
Table B.4: Change factors λ12 and λ13 for HSLA (δ
H
k ) and composites (δ
C
k )
Factor δHk δ
C
k Source
λ12 Max BL material replaced 0.25 0.25 MOSAIC
λ13 Weight / Weight BL material 0.67 0.25 MOSAIC
Initial costs The initial costs for HSLA and composites were calculated by
factoring in the respective changes. The factors δ14 to δ16 specify the changes of
the initial cost factors for the new material options. They are based on market
research and discussions with the shipyard and the consortium. For instance, it
was assumed that there would not be significant changes in planning and design
costs if a different material was selected. The manufacturing costs would however
increase slightly because of the need for new machines and training of staff.
Table B.5: Change factors δ14 to δ16 for HSLA (δ
H
k ) and composites (δ
C
k )
Factor δHk δ
C
k Source
δ14 Change in design costs 1.00 1.00 MOSAIC
δ15 Change in material price per kg 1.69 6.46 Market analysis
δ16 Change in manufacturing costs 1.05 1.11 MOSAIC
The planning and design costs Cj1 were calculated through multiplication of the
baseline values with the factor δ14.
Cj1 = C
S
1 × δ14 = φ1 × φ2 × δ14 (B.12)
Supporting Information LCC 223
The cost for materials Cj2 were calculated by factoring in the weight reduction
(λ13) as well as the changes in price per kg (δ15). However, it had to be taken
into account, that the cost changes apply only to the amount of material that is
replaced (φ4 × λ12).
Cj2 = C
S
2 × [(1− φ4 × λ12) + (φ4 × λ12 × λ13 × δ15)]
= φ1 × φ3 × [(1− φ4 × λ12) + (φ4 × λ12 × λ13 × δ15)]
(B.13)
For fabrication costs Cj3 , again the respective factor (δ16) was applied to the
amount of steel that was replaced (λ12).
Cj3 = C
S
3 × [(1− λ12) + (λ12 × δ16)]
= φ1 × φ5 × [(1− λ12) + (λ12 × δ16)]
(B.14)
O&M costs O&M costs consist of the costs for fuel consumption (operation)
and the costs for maintenance (inspection, repair and replacement). The fuel
costs for HSLA and composites Cj4 were calculated by calculating the quantity of
weight savings achievable (λ12 × (1 − λ13)), multiplied with the factor δ7, which
quantifies the relative cost to fuel savings.
Cj4 = C
′
4 × [1− φ7 × λ12 × (1− λ13)]
= φ6 × [1− φ7 × λ12 × (1− λ13)]
(B.15)
It was assumed that the maintenance efforts for HSLA would increase slightly
(around 5 %), due to increased inspection requirements because of potential is-
sues with pitting corrosion. A higher increase (around 10 %) was expected for
composite materials, though. In particular when composite patches are being
applied, there is a risk of corrosion under patches and hence maintenance efforts
would need to increase. For a more detailed discussion on the risks associated
with the different materials, the reader is referred to Sections 4.2 and 4.3.
The maintenance costs , Cj5 were hence calculated by factoring in the increase in
maintenance costs δ17 to the amount of material that could be replaced, consider-
ing the ratio of inspections on the structure (in order to exclude the maintenance
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Table B.6: Change factor δ17 for HSLA (δ
H
k ) and composites (δ
C
k )
Factor δHk δ
C
k Source
δ17 Change in maintenance costs 1.05 1.1 MOSAIC
costs for machinery, which should remain uninfected by the changes).
Cj5 = C
′
5 × [(1− φ9 × λ12) + (φ9 × λ12 × δ17)]
= φ8 × [(1− φ9 × λ12) + (φ9 × λ12 × δ17)]
(B.16)
End of life costs The factors for the end of life, δ18 and δ19, were based on
literature values (Burman et al. 2006).
Table B.7: Change factors δ18 and δ19 for HSLA (δ
H
k ) and composites (δ
C
k )
(based on Burman et al. 2006)
Factor δHk δ
C
k
δ18 Change in disposal costs 1 2.67
δ19 Change in revenues 1 0
The end of life costs for HSLA and composites were calculated by considering
the disposal costs Cj6 as well as the revenues for scrap C
j
7 . Revenues are given as
negative values.
Cj6 = C
′
6 × [(1− λ12) + (λ12 × λ13 × δ18)]
= φ10 × [(1− λ12) + (λ12 × λ13 × δ18)]
(B.17)
Cj7 = C
′
7 × [(1− λ12) + (λ12 × λ13 × δ19)]
= φ11 × [(1− λ12) + (λ12 × λ13 × δ19)]
(B.18)
Life cycle costs Finally, the total life cycle costs were calculated as the sum
of the individual cost factors according to Equations B.19 and B.20.
LCCj =
n=7∑
k=1
Cji = C
j
1 + C
j
2 + C
j
3 + C
j
4 + C
j
5 + C
j
6 + C
j
7 (B.19)
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LCCj = φ1 × φ2 × δ14 + φ1 × φ3 × [(1− φ4 × λ12) + (φ4 × λ12 × λ13 × δ15)]
+ φ1 × φ5 × [(1− λ12) + (λ12 × δ16)] + φ6 × [1− φ7 × λ12 × (1− λ13)]
+ φ8 × [(1− φ9 × λ12) + (φ9 × λ12 × δ17)] + φ10 × [(1− λ12) + (λ12 × λ13 × δ18)]
+ φ11 × [(1− λ12) + (λ12 × λ13 × δ19)]
(B.20)
B.1.3 Discounting
The details of the discounting exercise are provided in Table B.8, for a dis-
count rate of 2.5 % and an inflation rate of 4 %, consistent with Burman et al.
(2006).
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Table B.8: Discounted cost factors for conventional steel, HSLA and composites
Cost	  element Year CP PV Total CP PV Total CP PV Total
Initial
Initial 0 0.704 0.73 0.73 0.704 0.73 0.73 0.704 0.73 0.73
Production 0.00 0.73 0.00 0.73 0.00 0.73
Production 1 16.904 17.15 17.88 16.984 17.23 17.96 17.171 17.42 18.15
Operation	  &	  maintenance 0.00 17.88 0.00 17.96 0.00 18.15
O&M 2 3.30 3.30 21.17 3.14 3.14 21.10 2.95 2.95 21.10
O&M 3 3.30 3.25 24.43 3.14 3.10 24.20 2.95 2.91 24.00
O&M 4 3.30 3.20 27.63 3.14 3.05 27.25 2.95 2.86 26.87
O&M 5 3.30 3.16 30.79 3.14 3.01 30.26 2.95 2.82 29.69
O&M 6 3.30 3.11 33.90 3.14 2.97 33.23 2.95 2.78 32.47
O&M 7 3.30 3.07 36.97 3.14 2.92 36.15 2.95 2.74 35.22
O&M 8 3.30 3.02 39.99 3.14 2.88 39.03 2.95 2.70 37.92
O&M 9 3.30 2.98 42.97 3.14 2.84 41.87 2.95 2.66 40.58
O&M 10 3.30 2.94 45.91 3.14 2.80 44.67 2.95 2.63 43.21
O&M 11 3.30 2.89 48.80 3.14 2.76 47.43 2.95 2.59 45.79
O&M 12 3.30 2.85 51.65 3.14 2.72 50.15 2.95 2.55 48.34
O&M 13 3.30 2.81 54.46 3.14 2.68 52.82 2.95 2.51 50.86
O&M 14 3.30 2.77 57.24 3.14 2.64 55.47 2.95 2.48 53.34
O&M 15 3.30 2.73 59.97 3.14 2.60 58.07 2.95 2.44 55.78
O&M 16 3.30 2.69 62.66 3.14 2.56 60.63 2.95 2.41 58.18
O&M 17 3.30 2.65 65.31 3.14 2.53 63.16 2.95 2.37 60.55
O&M 18 3.30 2.61 67.92 3.14 2.49 65.65 2.95 2.34 62.89
O&M 19 3.30 2.58 70.50 3.14 2.46 68.11 2.95 2.30 65.19
O&M 20 3.30 2.54 73.04 3.14 2.42 70.53 2.95 2.27 67.47
O&M 21 3.30 2.50 75.54 3.14 2.39 72.91 2.95 2.24 69.70
O&M 22 3.30 2.47 78.01 3.14 2.35 75.26 2.95 2.21 71.91
O&M 23 3.30 2.43 80.44 3.14 2.32 77.58 2.95 2.17 74.08
O&M 24 3.30 2.40 82.84 3.14 2.28 79.86 2.95 2.14 76.22
O&M 25 3.30 2.36 85.20 3.14 2.25 82.11 2.95 2.11 78.34
O&M 26 3.30 2.33 87.53 3.14 2.22 84.33 2.95 2.08 80.42
EoL 0.00 87.53 0.00 84.33 0.00 80.42
Disposal/Recycling 27 -­‐0.07 -­‐0.05 87.48 -­‐0.06 -­‐0.04 84.29 -­‐0.05 -­‐0.03 80.38
Total 100.000 87.48 96.208 84.287 91.548 80.381
(%	  of	  BL) 100.00% 96.35% 91.89%
Conventional	  Steel HSLA Composites
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B.2 Partial derivatives
B.2.1 Conventional Steel
The partial derivatives for the life cycle costs of conventional steel are derived
from equation B.11.
∂LCC
∂φ1
= φ2 + φ3 + φ5 (B.21)
∂LCC
∂φ2
= φ1 (B.22)
∂LCC
∂φ3
= φ1 (B.23)
∂LCC
∂φ4
= 0 (B.24)
∂LCC
∂φ5
= φ1 (B.25)
∂LCC
∂φ6
= 1 (B.26)
∂LCC
∂φ7
= 0 (B.27)
∂LCC
∂φ8
= 1 (B.28)
∂LCC
∂φ9
= 0 (B.29)
∂LCC
∂φ10
= 1 (B.30)
∂LCC
∂φ11
= 1 (B.31)
The results are provided in Table B.9 as partial derivatives (gradient m˜) and
hybrid gradient m according to the Equations B.32 and B.33. As discussed before,
the LCC model shall provide sensible estimates about general trends, rather then
precise predictions. The different orders of magnitude of the different factors give
a clear indication about the highest contributing factors.
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m˜ =
∂LCC
∂φk
(B.32)
m =
∂LCC
∂φk
× φk (B.33)
Table B.9: Partial derivatives for life cycle costs of conventional steel
Factor m˜ m
φ1 BL initial costs / LCC 1 0.1761
φ2 BL planning & design / initial costs 0.1761 0.0070
φ3 BL materials / initial costs 0.1761 0.1321
φ4 BL steel / materials costs 0 0
φ5 BL production costs / initial costs 0.1761 0.0370
φ6 BL fuel costs / LCC 1 0.6713
φ7 BL relative cost / weight savings 0 0
φ8 BL maintenance costs / LCC 1 0.1533
φ9 BL ratio of inspections on structure 0 0
φ10 BL disposal costs / LCC 1 0.0001
φ11 BL revenues for scrap / LCC 1 -0.0008
B.2.2 HSLA and Composites
The partial derivatives for the life cycle costs of HSLA and composites are derived
from equation B.20.
∂LCC
∂φ1
= φ2 × δ14 + φ3 × [(1− φ4 × λ12) + (φ4 × λ12 × λ13 × δ15)]
+ φ5 × [(1− λ12) + (λ12 × δ16)]
(B.34)
∂LCC
∂φ2
= φ1 × δ14 (B.35)
∂LCC
∂φ3
= φ1 × [(1− φ4 × λ12) + (φ4 × λ12 × λ13 × δ15)] (B.36)
∂LCC
∂φ4
= (φ1 × φ3)× (λ12 × λ13 × δ15 − λ12) (B.37)
∂LCC
∂φ5
= φ1 × [(1− λ12) + (λ12 × δ16)] (B.38)
∂LCC
∂φ6
= 1 + φ7 × λ12 × (λ13 − 1) (B.39)
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∂LCC
∂φ7
= φ6 × λ12 × (λ13 − 1) (B.40)
∂LCC
∂φ8
= 1 + (φ9 × λ12)× (δ17 − 1) (B.41)
∂LCC
∂φ9
= φ8 × λ12 × (δ17 − 1) (B.42)
∂LCC
∂φ10
= 1 + λ12 × (λ13 × δ18 − 1) (B.43)
∂LCC
∂φ11
= 1 + λ12 × (λ13 × δ19 − 1) (B.44)
∂LCC
∂λ12
= φ1 × φ3 × (φ4 × λ13 × δ15 − φ4) + φ1 × φ5 × (δ16 − 1)
+ φ6 × φ7 × (λ13 − 1) + φ8 × (φ9 × δ17 − φ9)
+ φ10 × (λ13 × δ18 − 1) + φ11 × (λ13 × δ19 − 1)
(B.45)
∂LCC
∂λ13
= φ1 × φ3 × φ4 × λ12 × δ15 + φ6 × φ7 × λ12 + φ10 × λ12 × δ18
+ φ11 × λ12 × δ19
(B.46)
∂LCC
∂δ14
= φ1 × φ2 (B.47)
∂LCC
∂δ15
= φ1 × φ3 × φ4 × λ12 × λ13 (B.48)
∂LCC
∂δ16
= φ1 × φ5 × λ12 (B.49)
∂LCC
∂δ17
= φ8 × λ12 × φ9 (B.50)
∂LCC
∂δ18
= φ10 × λ12 × λ13 (B.51)
∂LCC
∂δ19
= φ11 × λ12 × λ13 (B.52)
The results are provided in Table B.10 for HSLA and Table B.11 for composites.
Again, they are provided with four decimal places, which is done to reflect the
different orders of magnitude, rather than to claim this level of accuracy.
The non-dimensional gradient m¯ can be calculated by simply dividing the hybrid
gradient m by the respective Life Cycle Costs (LCC) factor, that is LCCS for
conventional steel, LCCH for High-Strength Low-Alloy steel (HSLA) and LCCC
for composites.
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Table B.10: Partial derivatives for life cycle costs of HSLA
Factor m˜ m
φ1 BL initial costs / LCC 1.0045 0.1769
φ2 BL design / initial costs 0.1761 0.0070
φ3 BL materials / initial costs 0.1765 0.1324
φ4 BL steel / materials 0.0042 0.0003
φ5 BL manufact / initial costs 0.1783 0.0374
φ6 BL fuel costs / LCC 0.9415 0.6320
φ7 BL cost / weight savings -0.0559 -0.0393
φ8 BL maintenance / LCC 1.0034 0.1538
φ9 BL inspec structure / total 0.0019 0.0005
φ10 BL disposal cost / LCC 0.9167 0.0001
φ11 BL revenues / LCC 0.9167 -0.0008
λH12 Max conv steel replaced -0.1517 -0.0379
λH13 Weight / weight conv steel 0.1222 0.0815
δH14 Increase design costs 0.0070 0.0070
δH15 Increase in price per kg 0.0018 0.0030
δH16 Increase manufact costs 0.0092 0.0097
δH17 Increase maintenance costs 0.0103 0.0109
δH18 Increase disposal costs 2.34E-05 2.34E-05
δH19 Increase revenues -1.40E-04 -1.40E-04
Table B.11: Partial derivatives for life cycle costs of composites
Factor m˜ m
φ1 BL initial costs / LCC 1.0152 0.1788
φ2 BL design / initial costs 0.1761 0.0070
φ3 BL materials / initial costs 0.1783 0.1337
φ4 BL steel / materials 0.0203 0.0016
φ5 BL manufact / initial costs 0.1811 0.0380
φ6 BL fuel costs / LCC 0.8683 0.5829
φ7 BL cost / weight savings -0.1259 -0.0884
φ8 BL maintenance / LCC 1.0067 0.1544
φ9 BL inspec structure / total 0.0038 0.0010
φ10 BL disposal cost / LCC 0.9167 0.0001
φ11 BL revenues / LCC 0.7500 -0.0006
λC12 Max conv steel replaced -0.3381 -0.0845
λC13 Weight / weight conv steel 0.1351 0.0338
δC14 Increase design costs 0.0070 0.0070
δC15 Increase in price per kg 0.0007 0.0043
δC16 Increase manufact costs 0.0092 0.0103
δC17 Increase maintenance costs 0.0103 0.0114
δC18 Increase disposal costs 8.77E-06 2.34E-05
δC19 Increase revenues -5.26E-05 0.00E+00
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B.3 Uncertainty Analysis
Values from literature review Additional literature data is provided in Ta-
ble B.12. It includes values from the following studies: Burman et al. (2006),
Hedlund-A˚stro¨m (2009),Olofsson (2009) Gylfe & Hjulba¨ck (2009), So¨kjer-Petersen
(2009), Lindqvist (2012), Utne (2007), Utne (2009) and Kumakura & Sasajima
(2001).
These studies, which have been introduced in Section 2.3.1.1, were analysed for
their split of costs, especially with regard to the ratios of fuel costs, initial costs,
maintenance costs and material costs per LCC. Since the focus of the uncertainty
analysis was on the baseline factors, which describe the baseline LCC for conven-
tional steel, the focus of the additional data collection was also on the LCC results
for the respective baseline options, rather than the proposed new and lightweight
material options. Huge variations were observed between different studies, with
some major differences regarding the scope, i.e. what factors were included and
excluded from the LCC analysis and how the end of life value was calculated. The
studies on the Ro-Ro vessel (Gylfe & Hjulba¨ck 2009, Hedlund-A˚stro¨m 2009) and
the Ro-Pax vessel (So¨kjer-Petersen 2009, Hedlund-A˚stro¨m 2009) had to be ex-
cluded, because they were focussed on the superstructure only. The fishing vessel
study (Utne 2007, 2009) had to be excluded as well because, even though some
factors were analysed in detail, the total split of LCC was not provided. How-
ever, one more shipyard study was included, which was presented by Medepalli
(2014).
The triangular distributions have been assigned accordingly, with the minimum
and maximum values taken from the literature. The mode values for the first three
factors were chosen as the mid-point between minimum and maximum values,
therefore also representing the mean value between minimum and maximum. For
the factor ’material costs per initial cost’ the value estimated by the shipyard was
used, as the confidence in this was higher than in the literature values, leading
to a non-symmetrical triangular distribution.
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Table B.12: Additional literature data for LCC of ship structures
Summary Baesline
High	  speed	  Ferry Fishing	  vessel Martime	  vesselVLCC
Burman Utne Medepalli Kumakura
2006 2008/2009 2009 2009 2012 2007/2009
(current	  prices) ? ?
Finland Sweden Sweden Sweden Sweden	  &	  Denmark Norway ? Japan
Ref	  ship	  (Alu) Steel	  ship Al	  ship Steel	  ship Steel	  ferry Eco	  Island	  Ferry
%	  of	  Initial	  costs 100% from to from to
Materials 65% 11% 7% 12% 90% 90% 91% 33% 91% 50-­‐60%
O&M 468% 817% 817% 920% 11300% 4340% 2314% 1097% 1302% 187% 83% 368% 150%
Operation	  (fuel) 381% 800% 800% 905% 11300% 4340% 2314% 1097% 1302% 142% 64% 110% 140% -­‐
Maintenance 87% 17% 14% 17% -­‐ -­‐ 47% 19% 258% 10% 50%
EoL -­‐0.40% -­‐ -­‐2.30% 0.80% 0.90% -­‐0.73% -­‐0.18%
LCC 568% 917% 917% 1020% 11400% 4440% 2412% 1197% 1402% 287% 183% 469% 250% 150.0%
Rest	  value -­‐12% 12% 15.50%
Costs	  for	  emissions 1.3-­‐11.4%
Fuel	  /	  LCC 67.1% 88.4% 86.1% 87.4% 99.1% 97.7% 95.9% 91.6% 92.9% 49.5% 35.0% 23.5% 56.0%
Initial	  /	  LCC 17.61% 10.91% 10.91% 9.80% 0.88% 2.25% 4.15% 8.35% 7.13% 34.84% 54.64% 21.32% 40.00%
Maintenance	  /	  LCC 15.32% 1.88% 1.51% 1.64% 0.00% 16.38% 10.38% 55.01% 4.00% 33.33%
Materials	  /	  initial	   65.00% 11% 7% 12% 90.00% 90.00% 91.00% 33.00% 91.00% 0.00% 0.00% 0.00% 0.00% 60%
Note
Excluded	  -­‐	  
LCC	  
estimated
Excluded	  -­‐	  
Fuel	  costs	  
not	  
considered
Excluded	  -­‐	  Focus	  on	  
superstructure	  only:	  
Lower	  initial	  costs,	  no	  
maintenance	  included
Excluded	  -­‐	  Focus	  on	  
superstructure	  only:	  
Lower	  initial	  costs,	  no	  
maintenance	  included
Composites Comp	  ship
High	  speed	  craft
Olofsson/Ahlund
(current	  prices)
Lindqvist
(current	  prices)
Island	  FerryRo-­‐Ro
Hertzberger	  /	  Ahlund
(current	  prices)
Ro-­‐Pax
Ahlund
(current	  prices)
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Input distributions for Monte Carlo simulation The data in Table B.12
helped to identify the input parameters for the Monte Carlo simulation (as given
in Table 4.34), which are depicted in Figure B.2.
Figure B.2: Input distributions for Monte Carlo simulations for φ6, φ1, φ8 and
φ3
Normalisation of LCC The following definitions are summarised from Sec-
tion B.1, with Fk notated as the ratios provided directly by the shipyard:
sum(C ′i) = C
′
1 + C
′
2 + C
′
3 + C
′
4 + C
′
5 + C
′
6 + C
′
7 (B.53)
LCCS(φ) = φ1 (φ2 + φ3 + φ5) + φ6 + φ8 + φ10 + φ11 (B.54)
φ1 = (C
′
1 + C
′
2 + C
′
3)/ sum(C
′
i) (B.55)
φ2 = F2 (B.56)
φ3 = F3 (B.57)
φ5 = F5 (B.58)
φ6 = C
′
4/ sum(C
′
i) (B.59)
φ8 = C
′
5/ sum(C
′
i) (B.60)
φ10 = C
′
6/ sum(C
′
i) (B.61)
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φ11 = C
′
7/ sum(C
′
i) (B.62)
Now replace: φk → φk+∆φk for i = {1, 3, 6, 8} in order to vary these factors.
Afterwards, replace all φk in LCC
S
x (φ) by their definitions, based on C
′
i and Fk.
Moreover, use F2 + F3 + F5 = 1.
LCCSx = 1 + ∆φ1 +
C ′1∆φ3
sum(C ′i)
+
C ′2∆φ3
sum(C ′i)
+
C ′3∆φ3
sum(C ′i)
+ ∆φ1∆φ3 + ∆φ6 + ∆φ8
= 1 + ∆φ1 + ∆φ3
C ′1 + C
′
2 + C
′
3
sum(C ′i)
+ ∆φ1∆φ3 + ∆φ6 + ∆φ8
= 1 + ∆φ1 + φ1∆φ3 + ∆φ1∆φ3 + ∆φ6 + ∆φ8
(B.63)
Consequently, if φk are varied, LCC
S
x can be normalised to 1 if divided through
this factor.
Since LCCS = sum(Ci), this can be done for every individual cost factor Ci as
given in Section 4.4.3, Equation 4.7.
B.4 VBA scripts
The Visual Basic for Applications (VBA) script, which was written to support
the sensitivity analysis, is provided below.
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Option Explicit 
 
' Declare global variables 
Public fb_count, fd_count As Long 
Dim bFactor() As Double 
Dim HFactor() As Double 
Dim CFactor() As Double 
 
Public fb1, fb2, fb3, fb4, fb5, fb6, fb7, fb8, fb9, fb10, fb11 As Double 
Public fH12, fH13, fH14, fH15, fH16, fH17, fH18, fH19 As Double 
Public fC12, fC13, fC14, fC15, fC16, fC17, fC18, fC19 As Double 
 
Public C_IS, C_OS, C_EOLS, LCC_S As Double 
Public C_IH, C_OH, C_EOLH, LCC_H As Double 
Public C_IC, C_OC, C_EOLC, LCC_C As Double 
 
Public Chg, Gradient As Double 
 
Public shLCC As Worksheet 
Public shSens As Worksheet 
 
 
' INPUT OF VARIABLES 
' Read the input, resize the arrays as needed 
Sub readInput() 
 
    Set shLCC = ThisWorkbook.Sheets("LCC") 
    Set shSens = ThisWorkbook.Sheets("Sensitivity") 
 
    fb_count = WorksheetFunction.CountA(shLCC.Range("B6:B24")) 
    fd_count = WorksheetFunction.CountA(shLCC.Range("C6:C24")) 
 
    ReDim bFactor(1 To fb_count) 
    ReDim HFactor(fb_count + 1 To fb_count + fd_count) 
    ReDim CFactor(fb_count + 1 To fb_count + fd_count) 
 
    Dim i As Integer 
         
    ' Input of i = 1 to 11 baseline factors 
    For i = 1 To fb_count 
        bFactor(i) = shLCC.Cells(i + 5, 2).Value 
    Next i 
 
    '  Input of i = 12 To 19 (=8) factors of change 
    For i = fb_count + 1 To fb_count + fd_count 
        HFactor(i) = shLCC.Cells(i + 5, 3).Value 
        CFactor(i) = shLCC.Cells(i + 5, 4).Value 
    Next i 
 
End Sub 
 
 
' CALCULATIONS AND OUTPUTS 
Sub doCalculations(ByVal k As Integer, ByVal l As Integer) 
 
 
    ' Assign variables from input values 
    fb1 = bFactor(1) 
    fb2 = bFactor(2) 
    fb3 = bFactor(3) 
    fb4 = bFactor(4) 
    fb5 = bFactor(5) 
    fb6 = bFactor(6) 
    fb7 = bFactor(7) 
    fb8 = bFactor(8) 
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    fb9 = bFactor(9) 
    fb10 = bFactor(10) 
    fb11 = bFactor(11) 
           
    fH12 = HFactor(12) 
    fH13 = HFactor(13) 
    fH14 = HFactor(14) 
    fH15 = HFactor(15) 
    fH16 = HFactor(16) 
    fH17 = HFactor(17) 
    fH18 = HFactor(18) 
    fH19 = HFactor(19) 
     
    fC12 = CFactor(12) 
    fC13 = CFactor(13) 
    fC14 = CFactor(14) 
    fC15 = CFactor(15) 
    fC16 = CFactor(16) 
    fC17 = CFactor(17) 
    fC18 = CFactor(18) 
    fC19 = CFactor(19) 
          
    ' Calculation of LCC 
    C_IS = fb1 * (fb2 + fb3 + fb5) 
    C_OS = fb6 + fb8 
    C_EOLS = fb10 + fb11 
    LCC_S = C_IS + C_OS + C_EOLS 
     
    C_IH = fb1 * fb2 * fH14 + fb1 * fb3 * ((1 - fb4 * fH12) + (fb4 * fH12 * fH13 * fH15)) 
+ fb1 * fb5 * ((1 - fH12) + (fH12 * fH16)) 
    C_OH = fb6 * (1 - fb7 * fH12 * (1 - fH13)) + fb8 * (1 - fb9 * fH12 + fb9 * fH12 * 
fH17) 
    C_EOLH = fb10 * ((1 - fH12) + (fH12 * fH13 * fH18)) + fb11 * ((1 - fH12) + (fH12 * 
fH13 * fH19)) 
    LCC_H = C_IH + C_OH + C_EOLH 
     
    C_IC = fb1 * fb2 * fC14 + fb1 * fb3 * ((1 - fb4 * fC12) + (fb4 * fC12 * fC13 * fC15)) 
+ fb1 * fb5 * ((1 - fC12) + (fC12 * fC16)) 
    C_OC = fb6 * (1 - fb7 * fC12 * (1 - fC13)) + fb8 * (1 - fb9 * fC12 + fb9 * fC12 * 
fC17) 
    C_EOLC = fb10 * ((1 - fC12) + (fC12 * fC13 * fC18)) + fb11 * ((1 - fC12) + (fC12 * 
fC13 * fC19)) 
    LCC_C = C_IC + C_OC + C_EOLC 
    
      
' OUTPUTS 
    ' Output of costs for conventional steel (in %) 
    Cells(5 + k, 5 + l).Value = 100 * C_IS 
    Cells(28 + k, 5 + l).Value = 100 * C_OS 
    Cells(51 + k, 5 + l).Value = 100 * C_EOLS 
    Cells(74 + k, 5 + l).Value = 100 * LCC_S 
 
    ' Output of costs for HSLA (in %) 
    Cells(5 + k, 16 + l).Value = 100 * C_IH 
    Cells(28 + k, 16 + l).Value = 100 * C_OH 
    Cells(51 + k, 16 + l).Value = 100 * C_EOLH 
    Cells(74 + k, 16 + l).Value = 100 * LCC_H 
     
    ' Output of costs for Composites (in %) 
    Cells(5 + k, 27 + l).Value = 100 * C_IC 
    Cells(28 + k, 27 + l).Value = 100 * C_OC 
    Cells(51 + k, 27 + l).Value = 100 * C_EOLC 
    Cells(74 + k, 27 + l).Value = 100 * LCC_C 
 
End Sub 
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' Calculate sensitivity of bFactors, HFactors and CFactors 
Sub CommandButton1_Click() 
     
    ThisWorkbook.Sheets("Sensitivity").EnableCalculation = True 
    Application.ScreenUpdating = False 
 
    Dim k, l As Integer 
    Dim temp, tempH, tempC As Double 
 
    ' Call the readInput function from above 
 readInput 
   
 
    ' For Loop for sensitivity analysis (k rows, l columns) of BL factors  
 For k = 1 To fb_count 
 
        temp = bFactor(k) 
       
        For l = 1 To 5 
                   
            Chg = Cells(5, 5 + l).Value / 100 
            bFactor(k) = temp * (1 + Chg) 
 
            ' Call the doCalculations function from above, provide variables k and l 
            doCalculations k, l 
         
        Next l 
     
        ' Set bFactor(k) back to original value 
        bFactor(k) = temp     
     
    Next k 
     
       
   ' For Loop for sensitivity analysis (k rows, l columns) of change factors  
    For k = fb_count + 1 To fb_count + fd_count 
                
        tempH = HFactor(k) 
        tempC = CFactor(k) 
                              
        For l = 1 To 5 
                
            Chg = Cells(5, 5 + l).Value / 100 
            HFactor(k) = tempH * (1 + Chg) 
            CFactor(k) = tempC * (1 + Chg) 
    
             ' Call the doCalculations function from above, provide variables k and l 
            doCalculations k, l 
             
        Next l 
     
        ' Set dFactor(k) back to original value 
        HFactor(k) = tempH 
        CFactor(k) = tempC 
            
    Next k 
     
 
    ThisWorkbook.Sheets("Sensitvity").EnableCalculation = True 
    Application.ScreenUpdating = True 
  
 
End Sub 
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A multi-criteria decision support framework for sustainable asset management and challenges
in its application
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Despite an increasing demand for considering sustainability aspects in asset management, there is a lack of guidance for
decision-makers on how this can be achieved. The aim of this research is to present rational decision support for sustain-
able management of industrial assets in situations where there are multiple conﬂicting objectives. For this purpose, a
Multi-criteria decision analysis framework that incorporates sustainability criteria over the whole life cycle has been
developed. Stakeholder participation and uncertainty assessment are considered explicitly allowing for a holistic perspec-
tive and higher conﬁdence in the results. In order to facilitate communication, methods for visualization of numerical
results are highlighted. While the focus of this study is on the development of the framework, the challenges of applying
it and potential steps to address these are discussed through an application in the shipping sector.
Keywords: decision support systems (DSS); algorithms and heuristics of environmentally conscious manufacturing;
technology assessment; sustainability; life-cycle asset management
1. Introduction
In today’s increasingly complex interrelated industrial
systems, there is an ever-growing demand for sustain-
ability of products and processes over the whole life
cycle. In view of climate change and global population
growth, the impact of industrial activities on environment
and society needs to be considered explicitly in addition
to traditionally used economic performance criteria. The
Institute of Asset Management deﬁned the goal of asset
management as “the optimum way of managing assets to
achieve a desired and sustainable outcome” [10]. In other
words, it is aspired to achieve asset management excel-
lence by ﬁnding an optimal solution in balancing perfor-
mance quality, cost, and risk over the whole life cycle
[13] by integrating economic, environmental, and social
factors in a rational decision-making process. Different
stakeholders may have conﬂicting objectives and priori-
ties, and these may change over time. Risk assessment
on the other hand is well established in asset manage-
ment [11]; however, there appears to be very little work
on how it might be incorporated into sustainability
frameworks [28].
Complex problems with conﬂicting objectives can be
addressed with Multi-criteria decision analysis (MCDA)
which provides formalized methodologies to identify
optimum solutions considering preferences of decision-
makers and stakeholders [37]. To the author’s best knowl-
edge, little, if any, effort has been devoted on applying
MCDA approaches to sustainability evaluations while
incorporating risk assessment and uncertainty modeling.
This study presents a review of existing approaches and
proposes a framework to address this gap.
2. Review
This section reviews approaches for integrating sustain-
ability aspects into decision-making. First, the incorpora-
tion of environmental impacts, evaluated through life
cycle assessment (LCA) is tackled, as such aspects are
increasingly being recognized as important to address
sustainability. Financial considerations, on the other
hand, continue to be crucial for decision-making with
the majority of performance measures in asset manage-
ment underpinned by economics. Thus, the need for an
integrated approach combining life cycle costing (LCC)
that is used to assess the through-life ﬁnancial implica-
tions of an asset and LCA is then discussed. The focus
is on how such a holistic approach can be developed
with the aid of MCDA techniques.
Given the long service lives and variability in operat-
ing conditions, a major concern in asset management is
the consideration of risk and uncertainty to account for
limited knowledge and modeling ability as well as the
natural variability in any given system. Taking cogni-
zance of this, frameworks that incorporate risk and
uncertainty evaluation are also reviewed in order to learn
from the capabilities and limitations of existing
approaches. Finally, available tools and techniques that
address speciﬁc applications with relevance for the
presented framework are reviewed.
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2.1. Approaches for assessing sustainability criteria
This section provides the background for the framework
presented in Section 3. It reviews the currently available
approaches for assessing environmental and economic
measures and how these can be combined and integrated
for a holistic sustainability assessment.
2.1.1. Life cycle assessment
LCA is one of the most widely applied tools for assessing
the environmental impact of manufactured and consumed
products and services over the entire life cycle. There is a
wealth of academic research on LCA, and it is increasingly
being utilized in industry. The ISO 14040 family and the
Publicly Available Speciﬁcation 2050 provide standards
on how to conduct LCA and carbon footprinting, respec-
tively. The stages considered include raw material acquisi-
tion, production, use, and end of life treatment (e.g.
recycling and ﬁnal disposal). The potential environmental
impacts assessed are related to a functional unit as a means
to allow comparison between different processes or
aspects [25]. LCA is especially useful for comparative
studies or to assess potential improvement through sce-
nario changes. Application of LCA as a tool for assessing
the whole system sustainability for bioenergy and chemi-
cal process design is extensively covered by Sadhukhan
et al. [45]. Careful interpretation of LCA results is crucial
as decision-making tools deliver complex system insights.
Despite the extensive research and available standards on
LCA, there is still a lack of guidance on how to best inte-
grate it with other relevant methodologies and criteria, for
example economic factors.
Moreover, due to signiﬁcant costs and effort associ-
ated with a full LCA study, it is debatable whether it is
always feasible to implement it. To overcome these
issues, simpliﬁed approaches may be used. One example
is the use of so-called meta-LCA approaches, which aim
to make use of the collection of ﬁndings from previous
studies. The use of global sensitivity analysis (GSA) to
create a meta-LCA has been proposed by Padey [42] to
create a simple support tool for decision-making. It is
based on their observation that variations in LCA results
in the literature were induced by a relatively small num-
ber of signiﬁcant parameters, which they identiﬁed
through GSA. Subsequently, their model would enable
the quick, though approximate, estimation of greenhouse
gas impacts of energy pathways as a function of the
identiﬁed key parameters. Drawbacks of this simpliﬁed
approach include that it needs to be based on a large set
of data and a high number of scenarios in order to be
representative. Therefore, it can be valuable in being
applied in a mature ﬁeld, but may prove unsuitable for
the evaluation of new technologies. Moreover, its scope
is limited to the range of scenarios that were fed into the
original model. Extrapolations of performance beyond
this envelope may be misleading.
2.1.2. Life cycle costing
In contrast to LCA, LCC assessments are purely
concerned with economic evaluations. According to the
ISO standard 15686-5, LCC is used to calculate the
value of a product or service throughout its entire life
cycle while fulﬁlling required performance criteria [26].
This economic life cycle includes initial costs, costs for
maintenance and repair as well as costs for disposal or
recycling activities, respectively. The decreasing mone-
tary value over time is considered by discounting the
cash ﬂows to convert all costs and beneﬁts to net present
values (NPV). Discount rates for public investment for
instance are determined by national agencies, such as
HM Treasury’s green book in the UK [24]. An applica-
tion of LCC for decision-making in through-life manage-
ment of offshore structures was presented by Bharadwaj
[7]. LCC is particularly valuable for decisions with long-
term consequences.
2.1.3. Combination of LCC and LCA
A number of differences between LCC and LCA can be
observed; some examples are listed in the following:
 Time period under consideration: LCA considers
the entire life cycle, which is often called a
“cradle-to-grave” approach. It includes consider-
ations about the impacts in the supply chain:
Particularly, the material sourcing stage tends to be
important for the analysis. LCC on the other hand
can be more variable and is often focused on the
stages that are in direct control of the decision-
maker.
 Discounting: LCC results are discounted to con-
sider the decreasing monetary value over time.
LCA on the other hand is not normally discounted,
and it is debatable whether a decreasing value of
environmental impacts is justiﬁable.
 Format of results: LCC provides one ﬁnal mea-
sure, generally the NPV. LCA instead gives a set
of results, including different impact categories.
These can be aggregated to reduce complexity by
applying either equal or subjective weights. How-
ever, in this way, the LCA result may lose some
of its transparency and objectivity.
These differences indicate that an integration of the
two types of assessments presents signiﬁcant challenges.
Norris [41] highlighted the lack of a combination
methodology that addresses both full LCA and full LCC.
Since then a number of approaches have been developed
with this aim. According to Jin [27], recent approaches
of combining LCC and LCA performance scores can be
grouped into three categories:
(1) Determination of an overall performance score
as a combination of costs and environmental
impact
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(2) Showing the cost and environmental impact
scores together without calculating an overall
score
(3) Translating LCA outcomes into costs and use as
input for LCC
Each of these has its own merits: The ﬁrst option
enables evaluation of both measures individually without
having to resort to one format over the other. Combining
them into a common score, however, requires weighting
and clear communication about the overall performance
score, because this may not be meaningful for decision-
makers that are used to economic measures or for
accommodating stakeholders with distinctly different per-
spectives. The second option, on the other hand, does
not require weighting for combining the criteria, but pro-
vides the decision-maker with the unbiased individual
score. However, this only delivers clear guidance, when
both environmental and economic scores of one alterna-
tive are superior compared to others. In all other cases,
the disadvantage is that it simply passes on to the deci-
sion-maker, the need for weighting and setting of priori-
ties, without providing further objective support. The
ﬁnal option converts everything into economic measures.
In a survey among infrastructure managers in the railway
sector, this was voted as the preferred option because of
the clear dominance of cost factors in their decision-
making setting [39]. It furnishes results in a clear, sim-
ple, and easy-to-understand manner. The disadvantage of
this option however is that certain values cannot be
easily converted into economic measures and this may
constrain their validity. Although methods to price car-
bon and other greenhouse gas emissions do exist, they
vary signiﬁcantly between countries. Theoretically, one
could also introduce cost ﬂows into LCA frameworks
but this does not seem practical and no examples have
been found that use this approach.
In summary, none of the available options may pro-
vide an ideal “one size ﬁts all” solution: The optimum
choice depends on the situation, especially on who the
decision-maker is, what the purpose of the decision-
making is, and what the viewpoints of relevant stakehold-
ers are. Moreover, there is often a need for social criteria
to be integrated to complement their economic and envi-
ronmental counterparts when assessing sustainability.
They are generally heavily context dependent, and there
is no formal guidance such as an ISO standard for
social LCA available. Such assessments based on social
criteria require decision-makers and stakeholders to work
together to ensure that they receive the consideration they
deserve.
2.1.4. Integrated approaches
A need for integrated approaches to address sustainability
has been pointed out by numerous studies over the past
years: Liu et al. [38] observed some general trends for
sustainability assessments: First, they have become more
focused on whole LCAs than on single stage evaluation;
secondly, the use of MCDA approaches rather than single
criterion assessment has become more common; and,
thirdly, sustainability is increasingly evaluated through
integrated system methodologies. However, the authors
also pointed out that these developments are not yet
completed and discussed the need for further research
on realistic and effective sustainability analysis
methodologies.
Gluch and Baumann [20] studied LCC-orientated
environmental accounting tools. They judged LCC as
insufﬁcient and also advocated the use of integrated deci-
sion support tools. These would not only provide a com-
bination of different tools, but additionally establish a
better understanding of the decision-making process
itself.
Lai et al. [36] reviewed integrated approaches for
assessing the sustainability of urban water systems. They
stressed the importance of stakeholder participation and
the use of MCDA techniques to address a number of
concerns. However, they also highlighted common short-
comings with MCDA in this ﬁeld, such as issues regard-
ing independency, double counting or under-counting,
and the transparency of methods and results. Similar
issues were pointed out by Taticchi et al. [47] in analyz-
ing sustainable supply chain management: Based on a
review of the research ﬁeld, their conclusions included
the call for integrated performance frameworks that
incorporate all sustainability dimensions and also a dis-
cussion of the research gaps around the implementation
of such frameworks.
To summarize, there seems to be a strong demand
for rational decision support for sustainable asset man-
agement using integrated frameworks. To address sus-
tainability issues sufﬁciently, such frameworks require
whole life cycle perspectives and the ability to incorpo-
rate inputs from a multi-disciplinary range of stakehold-
ers. MCDA methods offer formalized approaches for
combining different criteria, which can include eco-
nomic, environmental as well as social or any other
kind of criteria. Since asset management decisions are
generally dominated by economic measures, a sensible
starting point is to work out how environmental perfor-
mance can be considered within this setting. Although
LCC and LCA provide formalized techniques to quantify
the costs and environmental impacts that occur through-
out the life phases of industrial assets, they have not yet
been integrated in a satisfactory way.
2.2. Multi-criteria decision analysis
MCDA provides methodologies to systematically evalu-
ate all options with regard to a number of criteria and
help with ranking and identiﬁcation of preferred options.
It is widely accepted that the optimum solution for a
decision-maker facing a multi-objective problem is often
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not straightforward and may not even exist [50]. MCDA
approaches can provide valuable support since they are
capable of addressing uncertainty, as well as multi-fac-
eted interests and perspectives [52]. Therefore, they can
provide suitable methods for combining different criteria
for sustainability assessment. Multi-criteria analysis
(MCA) approaches in general have become increasingly
popular, particularly in energy decision-making [32].
Since the ﬁrst formal decision theory for MCDA by
Keeney and Raiffa [30], a large number of tools and
techniques have been developed and applied in different
contexts. The given alternatives with their different crite-
ria can be expressed with the aid of an m × n decision
matrix as in Equation (1), where xij is the performance
measure of the ith alternative Ai on the j
th criterion Cj,
m is the number of alternatives, and n is the number of
criteria.
criteria C1 C2 . . . Cn
ðweights w1 w2 . . . wnÞ
X ¼
alternatives
A1
A2
..
.
Am
x11 x12    x1n
x21 x22    x2n
..
. ..
. . .
. ..
.
xm1 xm2    xmn
0
BBB@
1
CCCA
(1)
In reviewing MCDA approaches for renewable energy,
Wang et al. [52] identiﬁed four different steps in the
MCDA process which are discussed below:
(1) Criteria selection
(2) Weighting of criteria
(3) Execution of MCDA
(4) Aggregation of different MCDA methods.
2.2.1. Criteria and categories
To start with, a distinction needs to be made between
high-level objectives and speciﬁc criteria. According to
Gregory et al. [21], objectives are “concise statements of
things that matter.” Criteria1 on the other hand provide
speciﬁc metrics to quantify progress towards the overall
objectives. Sustainability criteria generally include eco-
nomic, environmental, and social aspects, though they
can be augmented by adding a context speciﬁc fourth
category, such as “institutional” criteria (e.g. as in the
United Nations Commission for Sustainable Develop-
ment theme indicator framework or the Wuppertal sus-
tainable development indicator framework, [34,46]) or
“technical” criteria as chosen by Wang et al. [52] for
evaluating MCDA approaches in sustainable energy
decision-making.
Although categorization of criteria is popular, classiﬁ-
cation may not be very clear as was pointed out, for
example by Bachmann [4]: he observed that although
MCDA, total costs approaches and life cycle sustainability
assessment can include the usual three sustainability
dimensions, assigning criteria to each of these is not easily
done consistently. One example, where classiﬁcation is
difﬁcult would be resource depletion, which can have
bearings on all three dimensions. In view of this, it seems
plausible that a focus should be placed on ensuring that
criteria provide an appropriate representation of the overall
goal rather than forcing them into distinct categories.
As early as 1976, Keeney and Raiffa [30] proposed
that the ﬁnal set of criteria should be complete, opera-
tional, non-redundant and minimal. Similarly Gregory
et al. [21] require criteria to be complete, concise, unam-
biguous, understandable, direct, and operational. How-
ever, it can be challenging to meet all of these at the same
time. In particular, non-redundancy is often not easy to
satisfy, especially when trying to achieve completeness.
This was demonstrated by Lahdelma et al. [35] in using
multi-criteria methods in environmental planning and
management. In the given case studies, the criteria were
identiﬁed as slightly overlapping. However, if this was
reduced using a larger set of more restricted criteria, this
could compromise the conciseness. The authors conclude
that a trade-off between various criteria may become
necessary and a good compromise needs to be found.
The advantages of stakeholder participation and
group decision-making were pointed out by Bond [8]
who compared criteria that individuals (including experts
and decision-makers) generated singularly with a list of
group criteria. It was found that not only individuals
consistently omitted nearly half of the objectives com-
pared to the group but also perceived those to be almost
as important as the ones they had generated on their
own [8]. This research emphasizes the importance of
stakeholder involvement from an early stage when
identifying objectives and criteria.
2.2.2. Weighting
Weights are applied in order to prioritize different criteria
in view of the overall objectives. Generally, the decision
model should be chosen prior to collecting preference
weights because the procedure may vary depending on
the MCDA technique [35]. Several methods for weight-
ing different criteria have been presented by Wang et al.
[52]. They distinguish between equal weights on one
hand, and subjective and objective weighting methods on
the other. Equal weights have become popular since 1974
when Dawes and Corrigan [16] argued that they often
produce results that are nearly as good as those produced
by an optimal weighting method. Moreover, they require
the least input. Subjective weighting methods on the
other hand allow decision-makers to assign priorities.
Objective methods use the given data and determine
weighting factors according to the consistency and sensi-
tivity of the data. Consistency between stakeholders can
be formally evaluated as well as the consistency between
the given weights, depending on the MCDA technique,
for example through calculating the consistency index
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and consistency ratio [43]. Sensitivity analysis helps to
determine the impact of individual factors on the ﬁnal
results. If certain factors appear to have little impact on
the results, lower weights may be applied.
2.2.3. MCDA tools and techniques
An overview of the currently prevalent MCDA tools and
techniques and their application in environmental man-
agement has been presented by Linkov and Moberg [37].
These were classiﬁed into three categories, namely
multi-attribute utility theory (MAUT), analytical hierar-
chy process (AHP), and outranking models.
Multi-attribute utility theory. MAUT (or MAVT which
stands for Multi-attribute value theory and is often used
interchangeably) translates different units into a common
utility or value to allow comparison. Additionally, the
importance of each criterion is scored in comparison
with the others. The deﬁnition of the value or utility
function for each criterion is the critical step in the deci-
sion-making process. It has to be deﬁned how much util-
ity or value is assigned to different levels of performance
for each criterion. The utility, generally given on a scale
from 0 (lowest performance) to 1 (highest performance),
may be described through a simple linear function or
indeed more complex mathematical functions, depending
on the criterion and the decision-maker [37]. Weights are
applied to prioritize the different criteria. The ﬁnal utility
for each alternative is generated by aggregation, most
commonly through additive or multiplicative aggregation
[17] by introducing the weights. A comparison between
the differences in score magnitudes and the differences
in weighting helps to understand trade-offs. MAUT was
judged as a powerful method, given a rational and well-
informed decision-maker [37]. It is applied in a manifold
of decision-making ﬁelds including (but not limited to)
general engineering, areas related to energy and environ-
ment such as resource and environmental planning, as
well as evaluation of different technologies [51].
Analytical hierarchy process. AHP was ﬁrst developed
by Saaty [43] in 1980. Instead of absolute comparisons,
as in MAUT, AHP requires pairwise comparison for each
criterion, including relative weighting of importance, at
the data entry stage. The decision-maker provides relative
judgments about the scoring of the alternatives for each
criterion, such as “alternative A is much better than alter-
native B” and the weighting of the criteria against each
other, such as “criterion A is slightly less important than
criterion B” [37]. These linguistic judgements are trans-
lated into the AHP equivalent of weights through con-
verting into a ﬁnal numerical value between 0 and 1 [15].
It is possible to capture inconsistencies of the decision-
maker through data analysis by calculating the
consistency index. An extension of AHP is the analytical
network process (ANP) which is capable of dealing with
inter-dependencies between criteria [12]. It is for example
used in decision analysis linked to risk assessment, to
assess the key factors of risk and potential risk and
analyze the impacts of decision alternatives [18].
Outranking. Outranking also applies pairwise comparison
but with the purpose to identify options that outperform
or dominate the others. These methods were developed
to compensate for the fact that value- or utility-based
methods require all options to be comparable [6]. It is
partially compensatory, because an alternative that shows
superior performance on one criterion can potentially
outweigh poorer performance on a different criterion
[37]. Outranking is less capable for performing optimiza-
tion tasks, but it rather represents a comparative
approach, where performance in one criterion is ranked
independently of the performance in other criteria [6].
Generally, outranking methods start with a decision
matrix containing the performance of alternatives with
respect to the chosen criteria. Common outranking tech-
niques include ELECTRE and PROMETHEE and sev-
eral extensions developed from these. ELECTRE
methods are based on the evaluation of the “concor-
dance” and “discordance” index to compare for each pair
of options a and b whether and how much option a is at
least as good as b (concordance) or the strength of the
evidence against this (discordance) [6]. In PROMETHEE
a so-called preference function is deﬁned for all criteria
and the “intensity of preference” for option a over option
b is described by a function between 0 and 1, for exam-
ple through predeﬁned standard shapes as given in [6].
Outranking methods can be complex and less intuitive;
hence, they are more suitable for expert analysis and for
delivering detailed system insights [6].
Fuzzy MCDA. Fuzzy set approaches may be used with
any of these methods to better capture qualitative and
imprecise data [6]. When the situation cannot be easily
described by quantitative expressions, linguistic variables
can be used instead to reasonably describe relationships
of weights or performance scores including consideration
of a certain range. These linguistic values can be repre-
sented through fuzzy numbers and converted back into
quantitative distributions [29]. Often, these are given in
the form of triangular distributions, deﬁned by a mini-
mum and maximum value and the geometric mean [1].
Selection of MCDA. Guidance on how to select the most
appropriate MCA has been presented by Kurka and
Blackwood [33]. Cinelli et al. [15] reviewed the perfor-
mance of the most popular MCDA methods for sustain-
ability assessment and pointed out that familiarity and
afﬁnity often seem to inﬂuence the choice for a certain
procedure more than its actual suitability. They con-
cluded that adoption of the approach should be tailored
to the speciﬁc decision-making situation and not vice
versa. Sometimes, a number of MCDA methods are
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carried out which may lead to different preference
rankings, whose results can potentially be aggregated.
This can be done by voting or through mathematical
aggregation, either with or without involvement of the
decision-maker [52].
2.3. Risk & uncertainty
One aspect that has often been neglected in sustainability
assessment is the integration of risk. However, it is seen
as a crucial factor in asset management and thus needs
to be given adequate consideration. Risk is deﬁned as
“the probability that a particular adverse event occurs”
[48]. The API recommended practice, an example of an
operational guidance, deﬁnes risk as the “combination of
the probability of an event and its consequence” [3].
Inclusion of risk assessment in LCA has been discussed
by Bachmann [4]. Although it was deemed important,
they found no particular consideration of risks in the
respective ISO norms. Guinée et al. [22] proposed to
include risk assessment for “certain sustainability ques-
tions.” This was conﬁrmed in the ILCD handbook, stat-
ing that risk assessments can complement LCA studies
since integrated assessments are not yet available [28].
Badurdeen et al. [5] suggested a framework for sustain-
able asset management which includes consideration of
risk and sustainability principles over the whole life
cycle. The description of the framework is however rela-
tively brief and stresses the need for considering the
issues rather than presenting solutions. Another frame-
work for integrating risk assessment into MCDA was
proposed by Catrinu and Nordgård [14]. They studied
the criteria “potential to reduce safety risk” and “invest-
ment and maintenance costs” to achieve risk reduction
and combined them in a hypothetical MCDA case.
Although these are important criteria, the limitation to
just these two can be judged as insufﬁcient for address-
ing the whole complexity of risk-informed sustainable
asset management. Winnard et al. [53] have proposed to
integrate sustainability with resilience for business deci-
sion-making. This could be a promising approach aimed
at strategic rather than operational decision-making.
Risk in asset management is intimately connected to
the inevitable presence of uncertainty. Therefore, it
should not only be included in the assessment criteria,
but also by evaluating the uncertainty attached to the
available data and models. According to Ang and Tang
[2], uncertainty can be classiﬁed into the aleatory and
the epistemic type. Epistemic uncertainty arises from
limited knowledge and lack of accuracy in predicting a
given system. Aleatory uncertainty on the other hand
reﬂects the natural variability and randomness occurring
within a system. In order to address the effects of uncer-
tainty in decision-making, the signiﬁcance of each type
needs to be evaluated separately. Regardless of the type
of uncertainty, probability and statistics provide suitable
tools which help to increase conﬁdence in calculated
values and enable better estimation for decision support.
In the context of Bayesian theory, the two types can be
treated in a uniﬁed way, though a distinction helps to
identify sources of uncertainty that can be reduced
further [31].
To appreciate the potential inﬂuence of uncertainty,
sensitivity analysis can be used. Certain input parameters
of a given system are varied, and the impact of this vari-
ation on the results is obtained. This allows assessing to
which extent output parameters are dependent on the
input values. Sensitivity analyses are widely used for
scenario modeling, particularly for environmental impact
assessment such as LCA [23]. Often a few components
or factors can be identiﬁed that signiﬁcantly inﬂuence
the whole system. This stresses the importance of sensi-
tivity analysis to identify parameters that actually have
an impact, even if the original choice of parameters may
be challenged. The use of probability distributions and
Monte Carlo simulation helps to then explicitly account
for uncertainty which is often attached to input values.
In doing so probabilistic results enable better informed
decision-making [19,49].
2.4. Available tools and approaches
A multitude of MCDA tools and techniques is available
for decision support. This section presents some
approaches that have combined LCA and LCC for infra-
structure management. An example for combination of
LCA and LCC in bridge management was proposed by
Jin [27]. He developed an integrated computational deci-
sion support tool to determine sustainable maintenance
plans for bridges. This incorporates economic and envi-
ronmental considerations and their respective trade-offs.
Outranking techniques are applied to screen out domi-
nated options. Subsequently, the most preferable option
is determined by applying a simple multi attribute rating
technique method. This second step takes the preference
of the decision-maker into account by normalizing cost
and environmental score and applying weighting factors
to the criteria. While this approach is strong on consider-
ing risk and uncertainty through using probabilistic
approaches and Monte Carlo simulations, it lacks stake-
holder involvement, a key issue to be included in sus-
tainable decision-making. In particular, the determination
of criteria and weighting factors may require more
reﬁned techniques.
Another example for the use of MCDA techniques
for infrastructure management was proposed by Bryce
et al. [9]. They introduced utility functions into reference
point programming to determine the distance utility
function as a measure for desirability, considering the
viewpoints of many stakeholders. In this way, mainte-
nance strategies for pavement management were evalu-
ated, considering the entire solution space by combining
the desirability of the outcomes for all potential solutions
(as opposed to considering optimal solutions only). The
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tool is aimed at improving communication between
stakeholders and policy makers. It does reﬂect how risk-
averse the decision-maker is through applying different
functions for the utility value: In case of a risk-neutral
decision-maker, a linear utility function is used, giving a
proportional relationship between utility value and perfor-
mance. In contrast, to that a parabolic function is used for
reﬂecting a risk-averse decision-maker, which rewards an
increase in the lower range of performance values with a
higher increase in utility than an increase in performance
which is already close to the optimum. However, only
three criteria are considered, namely “condition,” “costs,”
and “energy use,” which might not be sufﬁcient to
provide a holistic picture of sustainability.
The EU FP7 project MAINLINE developed a life
cycle assessment tool (LCAT) for rail and infrastructure
assets [40]. Intervention strategies are derived based on
the analysis of degradation models, quality, and risk fac-
tors. LCAT evaluates whole life economic and environ-
mental performance to provide asset management
decision support. In this case, environmental impacts
(LCA results) are converted and integrated into economic
measures (LCC results). Strengths of the tool are that it
already incorporates a large amount of ﬁeld data and
background expertise. It is freely available, transparent,
and adaptable to different assets and countries. Draw-
backs are that so far it only focuses on three types of
assets and considers limited performance measures and
intervention actions. Moreover, it does not include proba-
bilistic analysis or optimization algorithms. Scenario
analysis is obtained by manually running the model
repeatedly with different inputs.
The common thread in these tools is their aim for
clear and communicable decision support through ana-
lyzing and visualizing trade-offs between chosen criteria,
which all include some measure of costs and environ-
mental impact. Moreover, risk is considered to some
extent, although its prioritization varies. Each uses
different MCDA techniques as described above, which
have their own merits and weights could be applied
according to the decision-maker’s preferences. However,
the evaluation of costs seems to be the strongest mea-
sure, which explains why many tools either convert other
criteria into costs or evaluate them in a similar way
alongside costs. This is especially true when the tool is
focused on the decision-maker, for example infrastructure
managers. Tools to support policy makers apparently
tend to put stronger focus on equal treatment of different
measures. These nuances are vital for the approach sug-
gested in this study which aims to provide clear and
practical decision support by focusing on criteria that
impact on costs, risks, and the environmental impact.
A shared limitation of all the tools presented above
is that they analyze pre-deﬁned criteria. Stakeholders
may apply weights, but do not get to choose the criteria
themselves. The proposed approach, on the other hand,
will enable stakeholders to contribute to the criteria
choice in order to establish a more holistic evaluation.
Moreover, only the approach suggested by Jin [27] con-
siders full LCA results. The other two approaches focus
on environmental impacts at the operational stage. For
the suggested approach, a total life cycle perspective is
desirable even though only limited or uncertain data may
be available. Not all of the approaches discussed use
probabilistic methods (to account for uncertainty) and
visualization that is a crucial aspect in facilitating
communication. In the framework developed and
reported here, there is provision to factor in uncertainty
and visualization to support clear and comprehensible
demonstration of the results.
3. Approach
To address sustainable through-life management, a con-
ceptual framework is presented taking into consideration
the background, lessons and gaps discussed in the litera-
ture review. The main steps of the framework are dis-
played in Figure 1. In contrast to many other
approaches, it is possible to include any number of crite-
ria that are deemed important for the decision-making
process. For each criterion, decision-makers can assign
weights to the scores to prioritize according to their
degree of belief about importance and certainty. The
format of weights depends on the choice of MCDA
techniques.
An essential characteristic of the current approach is
the incorporated visualization through spider charts,
which depict both “raw” and weighted scores. Uncertain-
ties can also be depicted, through conﬁdence intervals, in
order to facilitate communication among stakeholders
which is crucial in promoting optimum decisions.
The proposed framework is presented in more detail
in the following. The ﬁrst section describes the approach
for evaluating the different criteria with a focus on life
cycle costs and environmental impacts. Subsequently, the
steps are discussed to convert the criteria scores into a
comparable format to make use of MCDA and how the
results can be visualized. This is followed by a brief
introduction of the ongoing case study in the shipping
sector. Based on this, the challenges in using the
Figure 1. MCDA framework.
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framework are discussed together with steps how to
overcome them.
3.1. Criteria
As highlighted in Section 2, the choice of suitable appli-
cation-speciﬁc criteria is a crucial step in the MCDA
process. They need to be appropriate to support the over-
arching objectives. Common objectives in sustainable
asset management are to minimize costs, risk, and the
environmental impact [38]. For the sustainability assess-
ment of engineering solutions, there should be at least
some consideration of the three sustainability aspects
economic, environmental, and social, alongside technical
matters. As discussed before, it is less important that the
criteria ﬁt speciﬁc categories; they should rather repre-
sent the overall goal as holistically as possible. To
address this aim, criteria with integrative attributes, either
temporally or spatially (in the context of combining
products and/or processes), are judged as most appropri-
ate. In order to demonstrate the current approach, the
aforementioned LCC and LCA approaches are discussed
in greater detail. Both incorporate the whole life cycle
which distinguishes them from many others. Incorpora-
tion of social and technical aspects over the whole life
cycle is envisaged, including consideration of risk assess-
ment. The framework itself is capable of dealing with
any additional criteria.
3.1.1. Life cycle costing
The total life cycle costs CT can be obtained as a combi-
nation of the costs that occur throughout the life of an
industrial asset. The following stages of spending costs
have been identiﬁed: initial costs CI, maintenance costs
CM, costs associated with a failure as a combination of
the probability that a failure will occur p(F), multiplied
with the consequences associated with the failure,
namely the repair/replacement costs CR plus other conse-
quential costs of failure CF (e.g. production loss), and
ﬁnally costs associated with the end of life CEOL (e.g.
recycling and/or disposal costs). Costs associated with
distribution activities are usually included within the
other components and thus will not be considered explic-
itly. Hence, the total costs CT can be obtained as
CT ¼ CI þ CM þ p Fð Þ  CR þ CFð Þ þ CEOL (2)
The present value (PV) of each of these types of costs
Ci is calculated by factoring in the corresponding dis-
count rate r and time t. For different costs, both discount
rate and time will depend on the stage at which these
costs occur.
PVðCiÞ ¼ Ci
1þ rð Þt (3)
Subsequently, the NPV is calculated as the sum of all
present values according to Equation (4):
NPV ¼
Xn
i¼1
PVðCiÞ (4)
3.1.2. Life cycle assessment
Analogous to the total costs, the total environmental
impact ET can be calculated to
ET ¼ EI þ EM þ p EjFð Þ  p Fð Þ  ER þ EFð Þ þ EEOL
(5)
The term p(E|F) represents the conditional probability of
having an environmental impact given the case that a
failure occurs. To determine the resulting statistical envi-
ronmental impact of a failure, this term is multiplied
with the estimated environmental impact per failure (ER+
EF) and the probability that a failure occurs p(F). It has
to be noted that the criterion “environmental impact”
consists of a number of components. According to the
application, relevant criteria have to be chosen and possi-
bly aggregated. Potential categories include global warm-
ing potential, acidiﬁcation, eutrophication potential, etc.
The choice depends on the relevant transmission ways
(e.g. gaseous releases or liquid substances) as well as the
magnitude of their impact. The latter can be obtained
through sensitivity analysis and Monte Carlo simulation
[44] which helps to identify critical categories where
reduction of the environmental impact is possible.
LCA is meant to provide long term-impact potentials.
A time horizon of 50 to 100 years is commonly consid-
ered based on the life span of an industrial or infrastruc-
ture system. It is possible to transform these impact
potentials over shorter term by incorporating the NPV
concept, as described above for LCC. However, it is
debatable whether discounting of environmental impacts
should be supported in a similar way to LCC. Discount-
ing LCA results was suggested in the MAINLINE LCAT
tool [39], but this does not necessarily support long-term
sustainability considerations if the value of environmen-
tal impacts decreases with time. In fact, the converse
could also be argued, that is to apply a negative discount
rate to environmental impacts, though this would require
further justiﬁcation within a speciﬁc context (e.g.
resource depletion). To the author’s best knowledge,
little, if any, work has been devoted in including the
effects of a potential failure p(E|F) into LCA studies,
and the topic would merit further investigation.
3.1.3. Other criteria
The use of other criteria is usually context speciﬁc. Gen-
erally, these include a number of technical criteria as
applicable to the speciﬁc case study. Social criteria
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should be considered as well, as they are often neglected
in traditional decision-making. It is viewed as important
that the decision-maker includes a multi-disciplinary
range of stakeholders when deﬁning criteria against
which the alternatives are going to be evaluated. In this
way, the most appropriate criteria can be chosen, which
are relevant to the speciﬁc context. In principle, it is
desirable to select criteria which consider a long-term
perspective. The format of criteria also has to be dis-
cussed, for instance, if it is adequate to treat environmen-
tal impacts in a similar manner to costs and in which
way the relevant social factors should be included.
3.2. Application of MCDA
To demonstrate the feasibility of the current framework,
the simplest MCDA method, the weighted sum method
(WSM), is chosen to determine an overall score. WSM
is a MAUT technique, which means that all alternatives
need to be normalized to the same common scale for a
meaningful comparison.
Firstly, it is important to consider the “direction of
scoring.” In the presented framework the scores are cho-
sen in a way that a more positive score means a higher
negative impact; hence, a less preferable option. In case
of criteria where this relationship is the other way round
(e.g. many technical criteria), their scales have to be
inverted to obtain a proportional relationship between
scoring and value. Since all criteria may have a different
range of values, normalization is carried out to adjust all
criteria scores Si to a common scale from 0 to 100:
Si;norm ¼ SiSi;max  Si;min  100 (6)
In order to capture expert opinion and experience and to
obtain acceptance of decision-makers, weights are
applied to the criteria to reﬂect preferences. As described
in Section 2.2, this can either be done by choosing sub-
jective weights or using objective methods based on the
given data. These preference weights wpref are multiplied
with the criteria scores Si to obtain the weighted scores
Si,weight according to Equation (7).
Si;weight ¼ Si  wi (7)
It is possible to analyze the consistency of subjective
weights which are applied by decision-makers. If incon-
sistencies are identiﬁed, this can be an indication for
high uncertainty, regarding the importance and the
impact of these factors, and may be worth to evaluate in
more detail. Sensitivity analysis can be applied to test
the weighting factors, for example through evaluating
how equal weights or reciprocal weights can change the
results. In this way, it is possible to identify how impor-
tant the weighting factors are for the outcomes.
Monte Carlo simulations are carried out to assess the
sensitivity of input parameters to the chosen criteria, in
the light of epistemic and aleatory uncertainties. Even if
certain criteria are believed to be important, they may
not have a concomitant impact on the ﬁnal result. Initial
sensitivity analysis would offer an objective method to
reduce the complexity for decision-makers to a certain
extent. For those parameters deemed important, it is then
possible to derive probability distributions for the scores
to reﬂect aleatory (data based) uncertainty but also to
account for imperfect modeling.
Finally, the overall score per alternative Stotal is
calculated as the sum of the scores Si for all criteria
multiplied by their weighting factors wi.
Stotal ¼
Xn
i¼1
wi  Sið Þ (8)
The alternatives can be compared and ranked according
to their total scores. Therefore, a clear picture can be
obtained with regard to the whole life sustainability scor-
ing of each option. Within a probabilistic context, Stotal
is a random variable, characterized by a density function,
and, depending on the decision being made, an appropri-
ate fractile may be chosen by the stakeholders. Although
in many instances, the mean or median value will be
appropriate, for unusual or critical situations, a different
characteristic, corresponding to lower exceedance proba-
bilities, may be desirable.
The choice of the MCDA technique is context spe-
ciﬁc. The application of other methods, such as outran-
king or AHP/ANP, including fuzzy set approaches can
deliver further system insights. In that case, it is required
to use pairwise comparison to determine the weights
between the different criteria. Each MCDA method
applies different principles for weighting, prioritizing,
and scoring. According to the method, it is possible to
score, sort, or rank the given alternatives. Different tech-
niques have different advantages, depending on the num-
ber and comparability of criteria, the experience and
objectivity of the decision-maker, and the data availabil-
ity. Application of different techniques and comparison
of the results allow more detailed and objective judgment
of alternatives. Moreover, it is possible to aggregate the
results from different methods as a means to obtain even
more discerning analyses and results.
3.3. Visualization
One goal which is inexorably linked to sustainability
evaluation is the communication of results. These have
to be presented in a clear way to all stakeholders. In
view of its importance, a way is proposed for visualizing
performance of impacts, including weighting and
uncertainty.
Performance scores are depicted in a spider diagram
as demonstrated in Figure 2. Depicted are hypothesized
examples of performance scores for different criteria,
such as technical, environmental, economic and social
criteria. As deﬁned earlier, higher scores are less
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favorable which is emphasized through color coding
from green (inside) to red (outside) in the diagram. It
can be observed that the scores may change signiﬁcantly
when weights are applied. This observation stresses the
importance of choosing appropriate weighting factors.
The contribution of the life cycle stages to each crite-
rion can be depicted through bar charts in order to iden-
tify hotspots as displayed in Figure 3 or through a spider
web for each life cycle stage as depicted in Figure 4.
The total area of the spider webs provides an indication
of the performance in each life cycle stage. In this way,
it is possible to analyze the performance scores for each
of the criteria in every category. This allows identiﬁca-
tion of hotspots and detailed comparison of alternatives.
Uncertainty can be evaluated alongside the performance
scores and depicted in the form of conﬁdence bands
which helps to obtain a thorough understanding about
the most likely range of results. The conﬁdence bands
can be displayed, showing the respective upper and
lower ranges.
3.4. Case study
In order to demonstrate the practicality of the suggested
framework, it is applied to a case study in the marine
industry. This section brieﬂy introduces the background
of the ongoing project. The following Section 3.5 dis-
cusses the methodological and practical challenges in
applying the framework. The presented approach is
applied as part of a European research project with the
overall goal to investigate the introduction of new mate-
rials in the ship structure. Stakeholders include manufac-
turers, operators, researchers, certiﬁcation bodies,
regulators, etc. Representatives of all of these are
involved in different parts of the project. An important
part of the project is to evaluate the sustainability of
each of the material alternatives compared to the conven-
tionally used carbon steel.
The approach follows the methodology outlined
above starting with the identiﬁcation of objectives
and speciﬁc criteria, choosing a suitable MCDA method,
and ﬁnally assessing and weighting the performance of
the alternatives with respect to the identiﬁed criteria. The
stakeholders are involved throughout the process, by pro-
viding their comments and suggestions. The overarching
objectives as derived from the project are reduction in
costs, risks, and environmental impacts. The respective
criteria that have bearings on these have been identiﬁed
through a survey where the stakeholders could indepen-
dently suggest the ones they considered as important. The
combined list includes technical criteria such as material
properties and behavior in the speciﬁc application, health
and safety issues as well as consideration of the environ-
mental footprint. A life cycle cost assessment is used to
allocate all indirect costs linked to the introduction of the
new materials in the ship structure and help to justify the
concept through proving its economic sustainability. All
life cycle stages are considered, from ship building,
operation, and maintenance until the end of life.
Preference weights can be applied to prioritize
between the suggested criteria. Although preferences can
vary signiﬁcantly between the multi-disciplinary range of
stakeholders, it is seen as crucial to capture their views
for retaining a holistic view throughout the project.
Objective weights derived from sensitivity analysis can
help to evaluate which criteria actually have the highest
impact to focus on. Currently, the WSM is being used,
where absolute weights are applied to prioritize between
different criteria. Their impacts can also be tested
through sensitivity analysis. In the future, it is envisaged
to apply an AHP/ANP approach based on pairwise
comparison.
Figure 2. Normalized and weighted performance scores for
each criterion.
Figure 3. Contribution analysis of performance in different life
cycle stages.
Figure 4. Visualization of normalized performance scores for
one life cycle stage.
32 S. Niekamp et al.
Journal Paper 250
The performance score of the suggested alternatives
is obtained for each criterion. The required data are
available or will be generated within the scope of the
project. Material properties for instance were provided
by the manufacturer or collected from the literature or
can be obtained through small- or large-scale testing as
part of the project. The environmental impact can be
quantiﬁed through LCA with the support of speciﬁc soft-
ware packages. Risks are considered explicitly by factor-
ing in the likelihood that an adverse event may occur
multiplied with the associated consequences. If data are
not readily available, initial estimates can be used and
updated later, when more information becomes available.
In order to facilitate communication among stake-
holders, the visualization techniques described in
Section 3.3 are used. These appear to be well supported
because they depict the numerical results in an under-
standable way. Performance scores and contribution can
be analyzed for the chosen criteria for different life cycle
stages which help to identify most relevant parameters,
as well as hot spots. As previously mentioned, uncer-
tainty can be depicted in the form of conﬁdence bands.
For this case study, uncertainty is present, for example
arising from limited knowledge about material properties,
estimated lifetime, but also due to the differences in
application, operational phase (e.g. differences in envi-
ronmental exposure or maintenance strategies) as well as
uncertainty about the end of life. In summary, this ongo-
ing case study demonstrates the applicability of the pro-
posed framework, while also pinpointing several
challenges and areas of concern which are discussed in
the following section.
3.5. Challenges in using MCDA for sustainable
decision-making
A number of challenges have been identiﬁed when creat-
ing and applying the framework. The implications of
these for the general framework are discussed in the fol-
lowing paragraphs in conjunction with potential steps
how to overcome them.
3.5.1. Data availability and format
The foremost challenge often is the availability of data.
Three different problems are recognized with regard to
that:
 Lack of data
 Inconsistent data
 Uncertainty
The necessary data to evaluate the criteria of different
alternatives may not be readily available, may not be
available in the required format, or may be incomplete.
Inconsistency in data can arise because of different
sources or conﬂicting stakeholder perspectives as
discussed below. Moreover, there is generally some
uncertainty attached to the data, which should ideally be
small, but often shows to be substantial. Both epistemic
(knowledge based) as well as aleatory (data based)
uncertainty contribute to that as discussed in Section 2.3.
In view of time and resource constraints, it can become
a trade-off how much effort to spend to collect or gener-
ate valuable data and improve quality and certainty. For
the approach presented, it was deemed as important that
data availability issues do not, in principle, hinder the
use of the framework. Therefore, explicit consideration
of uncertainty is an important element of the framework
and visualization helps to communicate the data limita-
tions clearly. Where no quantitative data is available, it
is possible to use qualitative or semi-quantitative criteria
such as linguistic variables. Additionally, input data can
be provided in the form of distributions and conﬁdence
intervals which convert an initially deterministic assess-
ment into a probabilistic one. Generally, the user is
encouraged to provide initial estimates and provide
uncertainty estimates in the form of conﬁdence bands.
3.5.2. Criteria and weighting
The involvement of different stakeholders normally
brings a lot of beneﬁts in the sense of creating a holistic
perspective. On the contrary, that also generates a num-
ber of challenges, for example when overall consent has
to be agreed. This framework shall help to generate
stakeholder understanding and facilitate discussion
toward the common goals through clear visualization and
communication of criteria and uncertainties. Moreover,
sensitivity analysis can be used to assess the inﬂuence of
certain input parameters on the end results which may
preempt disputes through eliminating criteria from the
discussion that do not have a big inﬂuence. Equally, the
impact of weighting factors can be readily assessed. In
this way, it should be possible to focus discussion
around the key inﬂuencing criteria and weights.
Another challenge is the interdependency between
certain criteria. As discussed in Section 2.2, criteria
should ideally be independent to avoid doublecounting.
However, in practice, that can be difﬁcult to achieve
because naturally lots of criteria impact on the perfor-
mance of each other. If independency cannot be guaran-
teed, it is important to understand to what extent criteria
are interdependent. This can be done either through expert
judgment or again through sensitivity analysis and statisti-
cal evaluation and should be considered in the interpreta-
tion of the results. Understanding interdependencies
between criteria is crucial for obtaining a clear picture of
the overall results. Certain MCDA techniques are able to
formally deal with interdependencies, such as ANP [38].
The very diverse nature of criteria can become
another challenge for the assessment. LCC and LCA for
instance have certain signiﬁcant differences in their mod-
eling and evaluation methods, as discussed above. They
can be made comparable by treating environmental
Journal of Industrial and Production Engineering 33
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impact similarly to cost values as outlined in Section 3.1.
Even so there remain plenty of differences, For example
with regard to the model approach, the inﬂuence of time
or functional units. Other criteria however may show
even bigger differences, such as social criteria. How to
compare the individual context speciﬁc criteria remains a
challenge for every speciﬁc application case study.
Stakeholders need to agree on the level of complexity
required for each given situation. MCDA approaches that
use pairwise comparison such as AHP and ANP can pro-
vide appropriate tools to carry out pairwise comparisons
rather than absolute judgements.
3.5.3. Implementation of the framework
A number of challenges are linked to the implementation
of the framework apart from data availability and differ-
ent stakeholder perspectives which have been discussed
above. First, a general willingness to implement is prere-
quisite and the expected value of its use should be com-
municated clearly to achieve that from the beginning.
The scope needs to be clariﬁed upfront, including the
questions of who is going to use the framework as a
decision-maker and who are the other stakeholders
involved. The ease and usefulness of its implementation
has to be provided throughout. Transparency of methods
as well as results is another key requirement in order to
facilitate and not complicate discussions among stake-
holders. Moreover, it is important to point out that the
framework is supposed to provide decision support
rather than a tool for decision-making.
4. Conclusions and recommendations
To conclude, it can be a challenge in asset management
to identify optimum trade-offs between conﬂicting objec-
tives. The suggested framework has been developed to
help industry with such issues. It presents a transparent
and comprehensible way of evaluating the overall sus-
tainability of different alternatives and provides rational
decision support for sustainable asset management. The
suggested framework incorporates sustainability criteria
over the whole life cycle including preference weighting
and considerations of risk and uncertainty. Moreover,
results are visualized in order to facilitate communication
among stakeholders. In comparison with other applica-
tions in this research ﬁeld, the framework provides
greater ﬂexibility with regard to the choice of criteria
and weighting mechanisms and it facilitates the involve-
ment of decision-makers and stakeholders throughout.
The case study demonstrates the capabilities of the
approach, namely enabling more informed decisions
toward choosing the best available material for ship
maintenance and repair. This enables the decision-maker
to achieve increased sustainability, while risk and costs
are kept as low as possible. A number of challenges
have been recognized in developing and applying the
framework and recommendations on how to overcome
these are discussed below.
It is most important that all chosen criteria address
the overall goal for sustainable through-life management;
hence, a whole life cycle perspective should be aimed
for wherever possible. Criteria have to be chosen to
cover both multiple perspectives as well as the complex-
ity of interactions. MCDA methods provide appropriate
tools for evaluating the performance of different alterna-
tives regarding the chosen criteria and integrate them in
a way that beﬁts the interrelated aspects of sustainability
considerations. Data availability can be a major chal-
lenge, but it is possible to provide initial estimates and
reﬁne the approach when more data becomes available.
Depending on the MCDA technique, different weighting
mechanisms can be applied to account for preferences of
the decision-makers and the stakeholders. Application of
further MCDA techniques is envisaged for the future.
This allows to compare and contrast results and to iden-
tify optimal methods. Aggregation of different methods
will be considered alongside. Sensitivity analyses can be
carried out to identify criteria with maximum impact.
Moreover, inconsistencies in subjective weights can be
evaluated. In the future, the approach will furthermore
be applied to other case studies in the marine industry
and beyond.
In using the framework, it is possible to identify an
optimum choice taking into account preferences of the
decision-maker as well as uncertainty attached to a range
of model parameters. Literature review has shown that
risk and uncertainty have not been given the prominence
they merit in many of the existing approaches for
sustainability assessment. Hence, this is an important
novelty in the proposed framework and can provide a
promising opportunity for promoting sustainable
decision-making in an industrial context.
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